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E x c e r p t  r e v i s e d  a n d  r e p r i n t e d  f r o m :  e u i n l a n ,  J .  F . ,  e d . ,  1 9 9 6 .
P r a g F i c ? 1  K a r s t . H v d { o g e o l o g v r  r . ! h  E m p h a q i s  o n  G r o u n d w a t e r
M o n i t o r i n g .  N a t i o n a l  w a t e r  w e l I  e s s o E J a f f i n ,  o u b f f i
f f i o u r S e M a n u a l ; n o t a v a i I a b 1 e f o r p u r c h a s e . T h i s
exce rp t  i s  a  d ra f  t  p rep r i n t  o f  pa r t  o f  :  A l ey ,  T . ,  eu i r . l : . n ,  J .
F ' ,  and  vand i ke ,  J .  E .7  The  Jov  o f  Dye ing :  A  compend ium o f
Pract ica l  TechniqueF g f - "8  E@*tgI ,  f f i  Tn
Ka rs t  Te r ranes ,  wh i ch  i s  t o  be  pub l i shed  by  t he  Na t i ona l
Wa te r  ,WeT f  Assoc ia t i on  ,  L987 .  J  , -

Q U A T I T A T I V E  W A T E R - T R A C I N G  W I T H  D Y E S  I N  K A R S T  T E R R A N E S
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I  N T R O D U C T  I  O N

T h e  W a t e r  T r a c e r ' s  C o o k b o o k  ( A l e y  a n d  F I e t c h e r ,  I 9 7  6  )  i s  t h e
m o s t  p r a c t T c a t r  u n a m E i g u o u s  r n a n u a l  c o n c e r n i n g  d y e - t r a c i n g  y e t
r + r i t t e n ,  b u t  p a r t s  o f  i t  a r e  o u t - o f - d a t e .  R a t h e r  t h a n  m e r e l y
r e p r i n t  t h e  W a t e r  T r a c e r ' s  C o o k b o o k  o r  h a s t i l y  w h i p  o u t  a n
u n s a t i s f  a c t o r y  s u c c e s s o r  t o  i t ,  w e  f r a v e  e l e c t e d  t o  p r e p a r e  a  n e w
c o o k b o o k '  a n d  d o  i t  p r o p e r l y .  I n  l 9 B 7  t h e  N a t i o n a l  W a t e r  W e l l
A s s o c i a t i o n  w i l l  p u b l  i s h  T h e -  J o v  o f  D y e i n g :  A  C o m p e n d i u m  o f
p r a c t i c a l  T e c h n i q u e s  f o r  T r a c i n g  G r o u n d w ; T E r , : E s p E c f f i r s t
L e r r q ! e s  ( A l e y ,  Q u i n l a n ,  a n d  V a n d i k e ,  i 9 B 7 ) ,  A c c o r d i n g l y ,  t h i s
d a t f t  p r e p r i n t  w i l l  n o t  g i v e  c o v e r a g e  a s  c o m p l e t e  a s  y o u  ( a n d  w e )
m i g h t  d e s i r e .  M a n y  d y e - r e l a t e d  t o p i c s  a r e  n o t  c l i s c u s s e d  i n  t h i s
e x c e r p t ,  b u t  i t  g i v e s  t h e  e s s e n t i a l  i n f , - r r m a t i o n  . l o d  r a t i o n a l e  f o r
m o s t  q u a l i t a t i v e  p r o c e d u r e s .  T h e  J o y
L  i c a l ,  m o r e  c o m p r € r h e n s i v e  m a n u a l ,  w i
w r i t t e n  i n  p l a i n  E n g I i s h .  I r . i
r e  f e r e n ( l e s  c i  t e c i ,  e s j p e c i a l  1 ' , '  t i - r o s ; e

e : s t i r n a t e  t h a r  1 3 0 0  i ) r o f r . : : ; s

. : !  ? f g . n g  w i l l  b e  a  p r a c -
' i r  s p c c i  :  i c  i n s t r u c t i o n s ,

m i t a n f  i m , , . ,  r e f  e r  t o  t h e
, n r . , ! i  ( l 9 l i 4 5 ,  I 9 B 4 c )
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have  been  made  so  fa r  i n  t he  U .  s .  I  be l i eve  tha t  more  than  9Ot
o f  t hem e te re  done  w i  t h  dyes ,  i n  ka rs t  t e r ranes ,  and  tha t  dyes  a re
genera l l y  t he  cheapes t  r  mos t  p rac t i ca l  t r ace rs ,  The re fo fe ,  t he
emphas is  he re  i s  on  dyes  ra the r  t han  o the r  t race rs .

A  comprehens ive  genera l  rev iew  o f  g roundwate r  t race rs  was
made  by  Dav i s  e t ' a I .  ( 1985 )  so  no  a t t emp t  w i l l  be  made  t o  r ev i ew
al l  o f  them noul - i i l -use.  r  shou ld  add,  hot " "ver ,  that  . the d iscus-
s ion  o f  dyes  by  Dav is  e t  a l .  has  many  e r ro rs  r  o rn ibs ions ;  and
mis lead ing  s ta temen ts  (aFn fa i ,  L98G)  .

Th i s  t ex t  w i I I  emphas i ze  f ac t s ,  p rocedu res  f o r  qua l  i t a t i ve
t rac i ng  t echn iques  r  p rac t i ca l  app l  i ca t i ons ,  p r i nc i p l es ,  and
sources  o f  dyes  and  necessa ry  supp l i es .  Some o f  t h i s  ma te r ia l  i s
i n  t he  Cookbook  bu t  mos t  o f  i t  i s  no t  i n  t he  o the r  recen t  pub l i -
ca t i ons .

A l t hough  I  en thus ias t i ca l l y  ex to l I  he re i n  t he  gene ra l
P rac t , i ca l i t y  and  supe r i o r i t y  o f  qua l i t a t i ve  dye - t es t s  t o  g , r . n t i -
t a t i ve  dye - t es t s ,  t he re  a re  many  s i t ua t i ons  i n  wh i ch  quan t i t a t i ve
tes t s  g i ve  more  i n fo rma t i on  wh i ch  i s  mo re  use fu l .  (Smar t  e t  a l . ,
r 985 ) .

r  am no t  say ing  i n  t hese  pages  t ha t ,  "Th i s  i s  t he
dye - t r ac i ng  mus t  be  done . "  Ra the r ,  I  am  summar i z i ng  wha t  I
o the rs )  have  f ound  t o  cons i s ten t l y  g i ve  re l i ab le  r esu l t s .

w a y
( a n d

T h e  d e f i n i t i v e  r e f e r e n c e  o n  t h e  p r o p e r t i e s  o f  d y e s  u s e d  f o r
t r a c i n g  g r o u n d w a t e r  v r a s  w r i t t e n  b y  S m a r t  a n d  L a i d l a w  ( L 9 7 7 ) .  I
w o n '  t  t r y  t o  s u n m a r  i  z e  i  t .

M o s t  t r a c e s  c a n  b e  r u n  w i t h  o n e  o r  m o r e  o f  t h e  f o l l o w i n g  f o u r
d y e s :  F l u o r e s c e i n r . R h o d a m i n e  W T ,  c e r t a i n  o p t i c a l  b r i g h t e n e r s ,  a n d
D i r e c t  Y e l l o w  9 5 .  A d d i t i o n a l  d y e s ,  o t h e r  t r a c i n g  a g e n t s ,
q u a n t i  t a t i v e  t e c h n i q u e s ,  a n d  d y e i n g  k i n e L i c s  w i  l I  b e  b r  i e f l v
r e v i e w e d  i n  T h e  J o v  o f  D v e i n g .

D Y E  N O M E N C L A T U R E

A  d y e  i s  a  s u b s t a n c e  t h a t  c a n  b e  a p p l  i e d  i n  s o l u t  i o n  t o  a
s u b s t r a t e  t  o x  c a n  b e  a d d e d  t o  a  I  i q u i d ,  t h u s  g i v i n g  t h e  s u b s t r a t e
o r  t h e  I  i q u i d  a  c o l o r e d  a p p e a r a n c e .  F l u o r e s c e n t  d y e s  h a v e  a n
a d v t l t A g "  o v e r  n o n - f l u o r e s c e n t  d y e s  a s  t r a c e r s .  F l u o r e s c e n t  d y e s
c a n  b e  e a s i l y  d e t e c t e d  i n  c o n c e n t r a t i o n s  w h i c h  a r e  o n e  t o  t h i e e
o r d e r s  o f  m a g n i t u d e  l e s s  t h a n  t h o s e  a t  w h i c h  n o n - f l u o r e s c e n t  d y e s
c a n  b e  m e a s u r e d  c o l o r i m e t r i c a l l y .

S m a r t  a n d  L a i d l a w  ( L 9 7 7  )  I o g i c a l l y  c l a s s i  f  i e d  w a t e r - t r a c i n g
d y e s  b y  c o l o r  o f  t h e i r  f l u o r e s c e n c e :  b l u e ,  g r e e n ,  a n d  o r a n g e .  T o
t h e s e  t h r e e  g r o u p s  o n e  m u s  t  a d d  a  f o u r  t h  ,  y e l  l o w .  B u t  I  p r e  f e r
t o  c l a s s i f y  d y e s  a c c o r d i n g  t o  t h e  d e t e c t o r  ( b u g )  g e n e r a l l y  u s e d
t o  r e c o v e r  t h e m :  a c t i v a t e d  c h a r c o a l  a n d  c o t t o n .  B e f o r e  d i s c u s s -
i n g  r h e  d y e s ,  h o w e v e r ,  i t  i s  a p p r o p r i a t e  t o  d i s c u s s  d y e
n o m e n ( : l a t u r e .



T h e  s t a n d a r d  i n d u s t r  i a I  r e f e r e n c e  E o  d y e s  i s  t h e  C o l o u r  I  n d e x
( S D C  &  A A T C C  I  L 9 7 L - 1 9 8 2 1 ,  a n  i n c r e d i b l e  7 - v o l u m e  c o m p e n d i u m  o f
a l m o s t  5 5 0 0  p a g e s  w h i c h  d e s c r i b ' e s  a n  e s t i m a t e d  3 8 , 0 0 0  d y e s  a n d
p i g m e n t s .  ( C o l o u r  I n d e x  i s  a b b r e v i a t e d  a s  C I .  )  M o s t  d y e s  I  i s t e d
i  n  i  t  a r e  c l a s s  i  f  i e d  b o t h  a c c o r d  i n g  t o  t h e  d y e  i  n g  m e t h o d  i n  w h  i c h
t h e y  a r e  u s e d  t o  c o l o r  v a r  i o u s  t y p e s  o f  t e x t i  I € s  r  l e a t h e r  '  p a p e r  ,
o r  o t h e r  g o o d s  (  t h e  C I  G e n e r  i c  N a m e )  a n d  a e c o r d  i n g  t o  t h e  i r
c h e m i c a l  s t r u c t u r e  ( t h e  C I  C o n s t i t u t i o n  N u m b e r ) .  F o r  e x a m p l e t
F l u o r e s c e i r l  i s  C I  A c i d  Y e l I o w  7 3  a n d  C I  4 5 3 5 0 ;  i  t  i s  s o l d  - l r n d e r

m o r e  t h a n  3 0  d i  f f e r e n t  c o m m e r c i a l  n a m e s  s u c h  a s  S o a p  Y e l l o w  F .
T h e r e  a r e  t B  C I  G e n e r i c  N a m e  c a t e g o r i e s  a n d  2 9  C I  C o n s t i t u t i o n
N u m b e r  c a t e g o r i e s  f o r  d y e s ,  b u t  t h e y  w i l l  n o t  b e  d i s c u s s e d  h e r e

o t h e r  t h a n  t o  s t r e s s  t h a t  t h e  G e n e r  i c  N a m e  c l a s s i  f i c a t i o n  i s
b a s e d  o n  i n d u s t r  i a l  u s e  a n d  t h a t  t h e  f o u r  m a j  o r  g e n e r  i c  t y p e s  o f
d y e s  u s e d  i n  w a t , e r  t r a c i n g  a r e :  A c i d ,  B a s i c ,  D i r e c t ,  a n d
F l u o r e s c e n t  B r  i g h t e n i n g  A g e n t .  I R e f e r e n c e s  t o  d i s c u s s i o n s  o f  d y e
n o m e n c l a t u r e  a r e  g i v e n  b y  Q u i n l a n  ( 1 9 8 5 )  .  I  D y e s  a r e  a l s o
c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  u s e  i h  f o o d s ,  d r u g s ,  a n d  c o s m e t i c s .
F o r  e x a m p l e ,  w a t e r - s o l u b I e  F l u o r e s c e i n  w h i c h  h a s  c e r t i f i e d  p u r i t y
i s  d e s i g n a t e d  b y  t h e  U .  S .  F o o d  a n d  D r u g  A d m i n i s t r a t i o n  a s  D & C
Y e l  l o w  8 ( D & C  =  D r u g  a n d  C o s m e t i c .  )

T h e r e  a r e  n u m e r o u s  c o m m e r c i a l  n a m e s  f o r  m o s t  d y e s .  T h e  r u l e s
a n d  l o g  i c  o f  t h e s e  c o m m e r c i a l  n a m e s  a r e  a s  c h a o t i c  a s  t h o s e  f o r
p r e s c r i p t i o n  d r u g s .  I n  o r d e r  t o  a v o i d  c o n f u s i o n  i n  p u b l i c a t i o n s
c o n c e r n i n g  d y e  p r o p e r t i e s  a n d  t r a c e  r e s u l t s ,  o n e  s h o u l d  a l w a y s
i n c l  u d e  s p e c  i  f i c a t i  o n  o f  d y e s  u s e d  b y :  t h e  C I  G e n e r  i c  N a m e  o r  C I
C o n s t  i  t u t  i  o n  N u m b e r  ,  m a n u f a c t u r e r  ,  a n d  t h e  m a n u f a c t u r e r  t  s  c o m -
m e r c i a l  n a m e .

T h e  f i  r s t  p a r t  o f  t h e  c o m m e r c i a l  n a m e  o f  a  d y e  s h o u l d  n o t  b e

c o n f u s e d  w i  t h  t h e  d y e  i t s e l  f .  T i n o p a l  a n d  D i p h e n y l  ,  f o r  e x a m p l e ,
s h o u l d  a l w a y s  b e  c a p i t a l i z e d ;  t h e y  a r e  t r a d e  n a m e s  b e l o n g i n g  t o
t h e  C i b a - G e i g y  C o r p o r a t i o n  a n d  u s e d  f o r  w h o l e  s e r i e s  o f
c h e m i c a l l y  u n r e l a t e d  d y e s  m a d e  b y  t h a t  p a r t i c u l a r  c o m p a n y .  T o
u s e  j u s t  t h e  f i r s t  p a r t  o f  a  c o m m e r c i a l  n a m e  f o r  a  d y e  '
c a p i t a l i z e d  o r  u n c a p i t a l i z e d ,  i s  a m b i g u o u s  a n d  e r r o n e o u s .  T h e r e
a r e ,  f o r  e x a m p l e ,  7  c h e m i c a l l y  d i f f e r e n t  T i n o p a l s  a n d  2 0
d i f f e r e n t  P h o r w i t e s  c u r r e n t l y  s o l d  i n  t h e  U ,  S .  b y  C i b a - G e i g y  a n d
b y  P t o b . a y  a s  o p t  i c a l  b r  i g h t e n e r s  .

T h e  n e e d  f o r  c a r e f u l  i d e n t i  f i c a t i o n  o f  d y e s  u s e d  f o r  w a t e r -
t r a c i n g  p a r t i c u l a r l y  i f  o n e  i s  d i s c u s s i n g  t h e i r  c h e m i c a l
p r o p e r t i e s ,  t o x i c i t y ,  o r  e x c i t a t i o n  a n d  e m i s s i o n  s p e c t r a  a n d
t h e  i m p o r t a n c e  o f  k n o w i n g  s o m e t h i n g  a b o u t  d y e  n o m e n c l a t u r e  a n d
c l a s s i  f i c a t i o n ,  a r e  m a d e  o b v i o u s  f r o m  i n s p e c t i o n  o f  t h e  C o l o u r
I n d e x  i t s e l f .  F o r  e x a m p l e ,  5  s t r u c t u r a l l y  d i f f e r e n t  k i n d s  o f
n f r o O a m i n e  a r e  s o l d  i n  f 9 B 6  i n  t h e  U -  S .  u n d e r  l 0  d i f f e r e n t  n a m e s
b y  6  m a n u f a c t u r e r s .  T h j . s  m u l t i p l i c i t y  o f  n a m e s  f o r  w h a t  m a y  o r
m a y  n o t  b e  t h e  s a m e  d y e  i s  a  r e s u l t  o f  t h e  f a c t  t h a t  u n t i l
r e c e n t l y ,  t h e  m a n u f a c t u r e r  o f  a  n e w  d y e  o r  a n  a l l e g e d l y  n e w  d y e
d i d  n o t  w a n t  c u s t o m e r s  o r  b h e  c o m p e t i t i o n  t o  k n o w  t h e  n a t u r e  o f
t f - r e  d y e  .  I f .  t - h e  m a n u  f  a c  t u r e r  k n e w  L h a t  ' n  r  s  p r o d u c t  w a s  t h e  s a m e
a s  t h a t  o f  a n o f  h e r ,  i r e  d  i d  n o t  s a y  s o  b e < : . - r u s e  s u c h  i d e n t i  f  i . c a t i o r r
c o u l d  i n c r e a s e  c o m p e b i t t o n  a n d  f o r c e  p r i c . : s  l o w e r .  i l v e n  6 r i t i a f  ,
m u c L ' r  i n f o r m a t - i o n  a b o L - r t  d y e  s t r u c L u r e  a n , i  r t o t n p o s i t i o n  i s  p r c l r i -



e ta ry i  i t  i s  no t  r e l eased ,  pa r t l y  because  deve lopmen t  cos t s  mus t
be  amor t i zed .

When  one  pub l  i shes  t he  resu l t s  o f  t r ac i ng  s tud ies  and  g i ves
the  name  o f  a  dye ,  i t  i s  essen t i a l  t ha t  t he  f u l 1  Co lou r  I ndex
Gener  i c  Name be  g i ven  a t  l eas t  once .  To  re fe rT6 l  f o r  examp le ,
D i rec t  Ye I I ow  w i t hou t  a l so  spec i f y i ng  i t s  number ,  96  (as  some
au tho rs  have ) ,  keeps  thGader  i gno ran t  as  to  wh ich  o f  more  than
180  d  i rec t  ye l l ows  $ ras  used .  Omiss ion  o f  t h i s  number  i n  - t he
t i t l e  o r  t ex t  i s  l i ke  d ropp ing  j us t  one  shoe .  On l y  pa r t  o f  t he
s to r y ' i s  known ;  t he  res t  i s  l e f t  t o  t he  imag ina t i ono  '

The  above  d i scuss ion  o f  dye  nomenc la tu re  i s  academic  and
use less  i f  one  i s  go ing  t o  use  no th i ng  bu t  f l uo resce in  and  one  o r
two  o the r  dyes .  Bu t  f am i l  i a r i t y  w i t h  dye  nomenc la tu re  and
c lass  i  f i ca t i on  i s  essen t i a l  i  f  one  i s  go ing  t o  r ead  and
unde rs tand  t he  dye  I i t e ra tu r€ r  make  j us t i f i ab l e  dec i s i ons  abou t
dye  t ox  i c i t y  and  equ i va lenc ies ,  f i nd  a l t e rna t i ve  sou rces  o f
supp ly  (pa r t i cu la r l y  when  a  supp l  i e r  has  ceased  to  make  a
pa r t i cu l a r  dye )  ,  and  make  va l i d  p r i ce  compar i sons .

TYPES OF FLUORESCENT DYES USED FOR GROUNDWATER TRACING

T h e r e  a r e  t h r e e  f l u o r e s c e n t  d y e s  a n d  o n e  g r o u p  o f  f l u o r e s c e n t
d y e s  u s e d  f o r  m o s t  g r o u n d w a t e r  t r a c  i n g  i n  t h e  U .  S .  A I  t h o u g h  a l  I
o f  t h e m  a r e  s o r b e d  o n t o  a c t i v a t e d  c h a r c o a l ,  t h e y  c a n  b e  p r a g m a -
t i c a l l y  c l a s s i f i e d  i n t o  t w o  p r i n c i p a l  g r o u p s  a c c o r d i n g  t o  t h e
m e t h o d  c o n v e n t i o n a l l y  u s e d  t o  d e t e c t  a n d  r e c o v e r  t h e m .  T h e y  a r e :

A .  D y e s  r e c o v e r e d  o n  c o t t o n
l .  O p t i c a l  b r i g h t e n e r s  ( o r g a n i c  c o m p o u n d s  a d d e d  t o  d e t e r -

g e n  t s  t o  " m a  k e  y o u r  w h  i  t e s  w h  i  t e  r  "  )
a .  T i n o p a l  S B t - , t  G X  ( a  n e w  ,  g y a n u l a r ,  I e s s  d u s t y  f o r m u l a -

t i o n  o f ' T i n o p a I  5 B M  E x t r a  C o n c ;  t h e  l a t t e r  i s  n o
I o n g e r  a v a i l a b l e )

b .  P h o r w i t e  B B H  P u r e  ( p o w d e r )
c .  P h o r w i t e  A R  S o l u t i o n  (  f 3 ?  B B H  P u r e ,  i n  w a t e r )

2 .  D i  r e c t  Y e l  l o w  9 6  ( P o w d e r  )
B .  D y e s  r e c o v e r e d  o n  a c t i v a t e d  c h a r c o a l

I . .  F l u o r e s c e i n  ( P o w d e r )
2 .  R h o d a m i n e  w T  ( s o l d  a s  a  2 O Z  s o l u t i o n ,  i n  w a t e r )

'  
S o u r c e s  o f  s u p p l y ,  c o s t s ,  c o n c e n t r a t i o n ,  a n d

i n f o r m a t i o n  o n  t h e s e  d y e s  a r e  g  i v e n  i n  T a b l e s  I  a n d
d a t a  f o r  a I I  o f  t h e m  b u t  T i n o p a l  5 B M  G X  i s  g i v e n  b y
T o x i c i t y  d a t a  f o r  T i n o p a l  5 B M  G X  i s  g i v e n  b y  L y m a n
a n d  G a n z  e t  a I .  ( I 9 7 5 ) ;  i n  t h e  I a t t e r  p a p e r ,  i t  i s
D A S C _ 4 .

w h i c h  c a n  b e  s a f e l y  u s e d
t h e  m a j o r  e m p h a s i s  i n  i t

C o I  o u r  I  n d e x
2 .  T o x  i c  i t y

S m a r t  ( I 9 8 4 ) .
e t  a I .  ( f 9 7 5 )
T a e n t i f i e d  a s

w i l l  b e
w i l l  b e

S i m i l a r  d a t a  f o r  o t h e r  d y e s
g i v e n  i n  T f , "  J o v  o f  D v e i n g ,  b u t
o n  t h o s e  I i s t e d  a b o v e .

N o t  a l  I  o p t  i c a l  b r  i g h t e n e r  5 ;

S o m e  w o r k  b t r s t  i n  h o t  w a t e r  a n , i
i ' r a r d  w a  t e r  .  M a n v  w o r k  b e s t  o n  r

a r e  s u  i  t a b l  e  f o r
a r e  i n e f f i c i e n t
s p e c  i  f  i c  t y p e  o f

w a  t e r  -  t r a c  r  n g  .
i n  c o l d  ( 5 4  o n )

f a b r  i c  .  T h e r e
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TABLE 2 .  SuPPI  i e r s
u l t r a - v i o l e t ' l amPs

o f  dyes ,
I

t r

c h e m i c a l s ,  b u g

' , a
' ; j

- -.,

i o n

2 7  4 L 9

m a t e r i a L s ,  - -  a n d

( 3 r3 )  94 r -4800

(  800  )  334 -9481

( 8 0 0 ) 3 2 3 - 4 3 8 3

cc/D

c-G

c&K

Itob a y

P y I a m

C h e m c e n t r  a L / D e t r o i t
1 3 3 9 5  H u r o n  R i v e r  D r  i v e
R o m u l u s ,  M i c h i g a n  4 8 I 7 4

C i b a - G e i g y  C o r p o r a t i o n
D y e s t u f f s  &  C h e m i c a l s  D i v i s
P . O .  B o x  1 8 3 0 0
G r e e n s b o r o ,  N o r t h  C a r o I  i n a

C r o m p t o n  &  K n o w l e s
I n d u s t r i a l  P r o d u c t s  D i v i s i o n
P . O .  B o x  6 8
S k o k i e ,  I l l i n o i s  5 0 0 7 5

F i s h e r  S c i e n t i f i c  C o .
5 4 I  C r e e k  R o a d
C i n c i n n a t i ,  O h i o  4 5 2 4 2

K l e i n  &  T h o m a s ,  I n c .
P . O .  B o x  3 8 7
S a r a t o g a ,  C a l i f o r n i a  9 5 0 7 1

M o b a y  C h e m i c a l  C o r P o r a t i o n
D y e s  a n d  P i q m e n t s  D i v i s i o n
M o b a y  R o a d
P i t t s b u r g h ,  P € n n s y l v a n i a  1 5 2 0 5

P y l a m  P r o d u c t s  C o .  I n c .
l 0 0 t  S t e w a r t  A v e .
G a r d e n  C i t y ,  N e w  Y o r k  1 1 5 3 0

U I t r a - V i o l e t
P . O .  B o x  l 5 0 l
S a n  G a b r  i e I ,

P r o d u c t s ,  I n c .

C a l i f o r n i . a  9 L l l B

(5 r3 )
(  T h e  r e
ot'tre r

( 4 0 8 )

7 9 3 - 5 I 0 0
a r e  2 6
b r a n c h e s )

3 7 8 - 7 7 5 2

( 8 0 0 ) 6 6 2 - 2 9 2 7

( 8 0 0 ) 6 4 5 - 6 0 9 6

(B rB) 2 8 5 - 3 L 2 3

T h e  a b b r e v i a t i o n s  i n  c o l u m n  I  a r e  u s e d  r n  T a b l e



a r e  b r i g h t e n e r s  a n d  t h e r e  a r e  b r i g h t e n e r s .

T h e r e  a r e  t w o  d y e s  c a l l e d  F l u o r e s c e i n .  B o t h  o f  t h e m  a r e  C I
A c i d  Y e l l o w  7 3  b u t  o n l y  o n e  o f  t h e m ,  s o d i u m  f l u o r e s c e i n ,  i s
w a t e r - s o l u b l e  a n d  u s e d  f o r  t r a c i n g .  I n  t h e  U .  S .  a n d  E n g l a n d
t h i s  d y e  i s  g e n e r a l l y  ( a n d  e r r o n e o u s l y )  c a l l e d  F l u o r e s  e i n  r a t h e r
b h a n  i t s  E u r o p e a n  n a m e ,  U r a n i n e .  I  w i l l  f o l l o w  t h i s  c u s t o m .  B u t
n o t  a l l  s o d i u m  f l u o r e s c e i n  i s  t h e  s a m e .  T h e  y i e l d  o f  t h e
d y e - m a n u f a c t u r  i n g  p r o c e s s  v a r  i e s  f r o m  l o t  t o  l o t  a n d  - -  h a s
i n c r e a s e d  a s  i m p r o v e m e n t s  h r e r e  m a d e  i n  i t .  I n  o r d e r  t o  a c h i e v e  a
u n  i  f o r m  p r o d u c t  a h d  ,  i n  s o m e  c a s e s ,  i n  o r d e r  t o  e n h a n c e  t h e  e a s e
o f  d y e i n g  a  p r o d u c t ,  i t  i s  c o n v e n t i o n a l  t o  a d d  d i l u e n t s  ( c u t t i n g
a g e n t s )  t o  t e c h n i c a l  g r a d e  d y e s .  f h i s  i s  s t a n d a r d i  z a E i o n ,  n o t
a d u l t e r a t i o n .  F o r  F l u o r e s c e i n  t h e  d i l u e n t s  c o m m o n l y  u s e d  a r e  a n y
o n e  o f  t h e  f o l l o w i n g :  s o d i u m  c h l o r i d e ,  s o d i u m  s u l p h a t e ,  a n d
D e x t r  i n  ( a  s t a r c h  p r o d u c t  m a d e  f r o m  c o r n )  ,  i n  c o n c e n t r a t i o n s  t h a t
r a n g e  f r o m  1 0 8  t o  5 0 t ;  2 5 t  a n d  5 0 t  a r e  t h e  m o s t  c o r n m o n .  T h i s
F e a n s  t h a t  t h e  F l u o r e s c e i n  b o u g h t  f r b m  a  c o m p a n y  t o d a y  m a y  h a v e  a
d i f f e r e n t  d i f u e n t  c o m p o s i t i o n  a n d  a  d i f f e r e n t  s t r e n g t h  ( d i l u e n t
p e r c e n t a g e )  f r o m  w h a t  w a s  b o u g h t  f r o m  t h e  s a m e  c o m p a n y  l a s t  y e a r .
I t  a l s o  m e a n s  t h a t :  I )  c a l c u l a t i o n s  o f  d y e - c o n c e n t r a t i o n  ( b u t  n o t
d y e - r e c o v e r y )  i n  q u a n t i  t a  t i v e  t e s t s  w i  I  I  b e  h i g h e r  t h a n  t h e
a c t u a l  v a l u e  i f  n o  a l l o w a n c e  i s  m a d e  f o r  t h e  p u r i t y  o f  t h e  d y e ,
a n d  2 \  c o m p a r i s o n  o f  d y e  c o s t s  m u s t  c o n s i d e r  d i f u e n t
c o n c e n t r a t i o n  a s  w e l l  a s  c o s t  p e r  p o u n d .  A  d y e  w h i c h  c o s t s  m o r e
p e r  p o u n d  c o u l d  b e  c h e a p e r  (  i n  t e r m s  o f  a c t i  v e  i n g r e d  i e n t s  )  t h a n
o n e  w h i c h  c o s t s  l e s s .  A  c o m p a r i s o n  o f  F l u o r e s c e i n  p r i c e s  a n d
c o n c e n t r a t  i o n s  I  i s t e d  i n  F i g u r e  I  s h o w s  t h a t  o n e  c o m p a n y  o f f e r s
5 0 ?  m o r e  d y e  p e r  p o u n d  a t  a b o u t  h a l f  t h e  c o s t  p e r  p o u n d  c h a r g e d
b y  a n o t h e r .  T h e r e  a r e  F l u o r e s c e i n s  a n d  t h e r e  a r e  F l u o r e s c e i n s .

o p t i c a l  b r i g h t e n e r s  a n d  E l u o r e s c e i n  a r e  v e r y  s u s c e p t i b l e  t o
p h o t o c h e m i c a l  d e c a y ,  e s p e c i a l l y  w h e n  i n  I o w  c n c e n t r a t i o n s ;
R h o d a m i n e  W T  i s  l e s s  s o r  b u t  t h i s  p r o p e r t y  i s  a  p r o b l e m  o n l y  i f
b u g s  a r e  p l a c e d  i n  a  s t r e a m  e x p o s e d  t o  s u n f i g h t .  D i r e c t  y e I I o w
9 6  d o e s  n o t  u n d e r g o  a n y  s i g n i  f i c a n t  p h o t o c h e m i c a l  d e c  a y ;  i t  i s
i d e a l  i  f  y o u  a r e  t r a c  i  n g  a  s t r e a m  t h a t  r e p e a t e d l y  s i n k s  ,
r e s u r g € s ,  a n d  f l o w s  a l o n g  t h e  s u r  f a c e .

A I I  t r a c e r  d y e s  t e n d  t o  r e a c t  w i t h  t h e  e n v i r o n m e n t  t h r o u g h
w h  i c h  t h e y  f  l o w .  F l u o r e s c e i n ,  R h o d a m i n e  w T  ( t o  a  l e s s e r  e x t e n t )  ,
o p t  i c a l  b r  i g h t e n e r s ,  a n d  D i  r e c t  Y e I  l o w  9 6  ( t h e  l a t t e r  t w o  t o  a
m u c h  I e s s e r  e x t e n t  t h a n  R h o d a m i n e  W T )  a r e  a I l  s o r b e d  b y  c I a y s .
S o r p t  i o n  p r e c l u d e s  t h e  u s e  o f  F l u o r e s c e i n  a n d  R h o d a m i n e  w T  i n
g r a n u l a r  a q u i  f e r s  b u t  i t  i s  l e s s  i m p o r t a n t  i n  k a r s t  a q u i f e r s .
O p t i c a l  b r i g h t e n e r s  a n d  D i r e c t  Y e I l o w  9 6  a r e  m o r e  r e a c t i v e  w i t h
c e l l u l o s e  ( w o o d ,  l e a v e s ,  e t c .  )  t h a n  t h e  o t h e r  t w o  -

D E T E C T  I  O N  O L -  D Y E S

D y e  i s  r e c o v e r e d  w i  t h  d e t e c t o r s  k n o w n  c o l _ l o q u  i a
T h e y  a r e  s u s p e n d e d  i n  s t . r e a m s  a n d  s p r  i n g s ,  c o m m o n l y
d y n a m  i c a l  l y  s t a b l e  s t a n d  k n o w n  a s  a  g g ! , . ]  r o p  w h i c h  i s
F i r r u r e  1 .

1 I y  a s  b u g s .
c n  a  h y d r o -

( , x p l a i n e d  i r - r
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F i g u r e  1 .  G u m d r o p  u s e d  t o  s u s p e n d  d y e - d e t e c t o r s
s t r e a m  b e d s .  T o t a l  h e i g h t  i  s  a b o u t  L 2  t o  L 4  i  n c h e s

( b u g s  )  a b o v e

A  C o n c r e t e  s e i n  j . - h e m i s p h e r e  I  a p p r o x i m a t e l y  6  i n c h e s  i n
d i a m e t e r  a n d  2  t o  3  i n c h e s  h i g h .  ( C o n c r e t e  i s  p o u r e d
i n t o  a  h y d r o d y n a m i c a l l y  s t a b l e  p l a s t i c  c e r e a l  b o w l  I i n e d
w i t h  S a r a n  W r a p . )

B  G a l - v a n i z e d  s t e e l  w i r e ,
i r .

# 9  g a g e .  N o t e  l o o p s  b e n t  i n t o

C N y l o n  c o r d  ,  3 / 3 2  i .  n c h e s  i n  d i a m e t e  y  ,  t i e d  t o  l o o p  i n
w i r e  a n d  t o  t r e e  o r  l a r g e  r o c k .  ( T a n  o r  g o l d  c o l o r  i s
r e c o r n m e n d e d  b e c a u s e  i t  b l e n d s  w i t h  d i r t , )
V i h y I - c I a d  # f 0  c o p p e r  e l e c t r  i c a l  w i  r e .  I t  i s  t w i s t e d
t h r o u g h  t h e  s t e e l  I o o p  a n d  s n u g l y  a r o u n d  t h e  p i e c e  o f
c o t t o n ,  E .

D

E  S u r g i c a l  c o t t o n ,  4  i n c h e s  l o n g  x  2  i n c h e s  w i d e  a n d  I
i n c h  t h i c k .  T h e  c o t t o n  s w i n g s  f r e e l y  i n  a n y  c u r r e n t  a n d
s t a y s  f r e e  o f  s e d i m e n t  t h a t  m i g h t  b u r y  i t .

N o t e :  A  s e c o n d  d e L e c t o r ,  f  o r  F l u o r e s c e i n ,  R h o d a m i n e  I ^ I T ,  o r
a n o t h e r  d y e  s o r b e d  o n t o  c h a r c o a l  ,  c a n  b e  h u n g  w i  t h  a  p a p e r  c I  i p
o n t o  t h e  s a m e  I o o p  t o  w h i c h  C  l s  a t t a c h e d  -  T h i s  d e t e c t o r
c o n s i s t s  c f  o n e  t o  t w o  h e a p r n g  t e a s p o o n s  o f  a c t  i v a t e d  c o c o n u t
c h a r c o a l  i r - r  a  p a c k e t  r n a c l e  o f  s c r e e n i n q ,  c i S  d e s c r i b e C  i n  l - f r e  t e x t - .



C o t t o n  B u g s

J o h n s o n  &  J o h n s o n '  s  R e d  C r o s s  b r a n d  s u r g  i c a l  c o t t o n  r  p u r -
c h a s e d  i n  t h e  l - p o u n d  s i z e  r a t h e r  t h a n  a  s m a l l e r  s i z e ,  i s  h i g h l y
r e c o m m e n d e d .  S e v e r a l  o t h e r  b r a n d s  o f  s u r g i c a l  c o t t o n  a r e  t r e a t e d
w i t h  a n  o p t i c a l  b r i g h t e n e r  d u r  i n g  t h e i r  m a n u f a c t u r e ;  t h e y  a r e ,
t h e r e f o r e ,  u n s u i  t a b I e .  R e c e n t I y ,  h o w e v e r  ,  J o h n s o n  &  J o h n s b n  h a s
s t a r t e d  t o  u s e  b r i g h t e n e r  o n  s o r n e  o f  i t s  c o t t o n .  C h e c k  y o u r s
b e f o r e  y o u  b u y  i n  b u l k  o r  s t a r t  y o u r  t e s t .  A l w a y s  u s e  a n
u l t r a v i o l e t  l a m p  d u r i n g  b u g  f a b r i c a t i o n  t o  i n s p e c t  b u g s  f o r
b r i g h t e r  o r  b r i g h t e n e d  c o n t a m i n a n t s  o n  t h e  c o t t o n .  T o m -  A I e y  h a s
f o u n d  2 . 5 - i n c h  d i a m e t e r  c o t t o n  p a d s  t h a t  a r e  u s e f u l  a s  b u g s .
T h e y  a r e  s o l d  a s  S w i s s  B e a u t v  P a d s  a n d  m a y  b e  f o u n d  i n  s o m e  d i u g
s t o r e s .  Y o u  c a n  o r , a e r  € E ; - a i r e c t r y  f r o m  t h e  m a n u f  a c t u r  e E  t  K I e i n
&  T h o m a s  r n c .  ,  a t  t h e  a d d r e s s  g i v e n  i n  T a b l e  z  ( $ 2 .  9 9  f o r  1 0 0
p a d s ) .  S w i s s  B e a u t l  P a d s  c a n  b e  s u s p e n d e d  i n  a  p a e k e t  m a d e  o f
a l u m i n u m  '  n y l o n ,  o ?  F I - U e r g l a s s  s c r e e n i n g ,  I  i k e  t h o s e  m a d e  f o r
c h a r c o a l  b u g s  a n d  d e s c r i b e d  i n  t h e ' c a p t i o n  f o r  F i g u r e  I .

A  c y l  i n d r  i c a l  c o t t o n  b u g  s u i  t a b l e  f o r  u s e  i n  w e l  l s  i s  T a m p a x  .
I  d o n ' t  k n o w  a b o u t  t h e  f l u o r e s c e n c e  o r  n o n - f l u o r e s c e n c e  o f  o t h e r
b r a n d s  o f  t a m p o n s .  T a m p a x  w o u l d  a l s o  b e  a  g o o d  " e m e r g e n c y  b u g "
t h a t  c o u l d  b e  b o u g h t  a l m o s t  a n y w h e r e .

w h e n  r e c o v e r  i n g  b u g s  i n  t h e  f i e l d ,  I  p r e f e r  t o  p u t  t h e m  i n t o
i n d  i v i d u a l  p r e - m a r k e d  4 x 4 -  i n c h  Z i p l o c  o r  W h i  r l - p a c  p V C  b a g s .
B e f o r e  g o i n g  i n t o  t h e  f i e l d ,  I  a b e l  a n d  d a t e  e a c h  b a g  w i  t n  a
m a r k i n g  p e n  w h i c h  h a s  a n  a r o m a t i c  s o l v e n t - b a s e d  i n k .  W a t e r - b a s e d
i n k s  w i  l l  w a s h  o f f .  A f t e r  y o u  p u t  t h e  b u g  i n  t h e  b a g ,  b u t  b e f o r e
y o u  s e a l  i t ,  s q u e e z e  t h e  e x c e s s  w a t e r  o u t  o f  t h e  b u g  a n d  d r a i n
i t .

A f t e r  c o l l e c t i . n g  a  c o t t o n  b u g ,  w a s h  i t  t h o r o u g h t y  w i t h  a
h i g h - s p e e d  j e t  o f  w a  t e r  .  (  I  u s e  a  g a r d e n  h o s e  w i  t h  a  s q u e e z e -
o p e r a t e d  n o z z l e .  )  T h i s  r e m o v e s  c l a y ,  s i I t ,  a n d  t r a s h  f r o m  t h e
c o t t o n  m a s s .  P r e s s  i t  f l a t  a n d  e x a m i n e  w i t h  a  l o n g - w a v e  U V  l a m p .
r  r e c o m m e n d  t h e  u l  t r a - v i o r e t  P r o d u c t s  m o d e r  u v l  - z L  ( $ 5 5 .  0 0  )  w i  t h
i t s  m o d e l  C C - I 0  v i e w i n g  c a b i n e t  ( $ 8 0 . 0 0 ;  o v e r p r i c e d ,  b u t
e x t r e m e l y  c o n v e n i e n t  a n d  a l m o s t  e s s e n t i a l ) .

C c i t t o n  w h i c h  h a s  r e a c t e d  w i t h  o p t i c a l  b r i g h t e n e r  i s  c h a r a c -
t e r  i  s t  i c a l  l y  b I  u e - w h i  t e  .  C o t t o n  w h  i c h  h a s  r e a c t e d  w i  t h  D i  r e c t
Y e l l o w  9 6  i s  c a n a r y  y e l I o w .  C o t t o n  w h i c h  h a s  r e a c t e d  w i t h  b o t h
o f  t h b s e  d y e s  i s  a  d i s t i n c t i v e  w h i t e - w h i t e .  F l u o r e s c e n c e
i n t e n s i t y  i s  d i r e c t ) - y  b u t  n o t  I i n e a r l y  p r o p o r t i o n a l  t o  t h e  a m o u n t
o f  d y e  w h i c h  h a s  r e a c L e d  w i t h  t h e  c o t t o n .  B u g s  w h i c h  h a v e  n o t
r e a c t e d  w i  t h  o p t i c a l  b r i g h t e n e r  w i l l  n o t  f l u o r e s c e .  B u g s  m a y
h a v e  a  f e w  b l u e - w h i t e  f l e c k s  t h a t  f l u o r e s c e ;  t h e s e  d o  n o t  m a k e  a
b u g  p o s i t i v e .  T h e  f l e c k s  a r e  m e r e l y  b r i g h t e n e d  f i b e r s  f r o m
e l s e w h e r e  w h i c h  g o t  m e c h a n i c a l l y  t r a p p e d  i n  t h e  b u g  a s  i t  s a t  i n
t h e  s t r e a m  o f  w a t e r .

S o m e  p r a c t i t i o n e r s
s u r g  i c a l  c o t t o n  a s  a
e a s i f y  s c a n n e d  b y  a
p a r t i a l  L y  q u a n t i f  y i n c ;

p r e f e r  t o  u s e  c o t t o n  c l  o t h  r a t h e r  t h a n
d e t e c t o r  b e c a u s e  t h e  c l o t h  c a n  b e  r n o r e
f I  u o r o m e t e r  o r  s p e c  t r o  f I  u o  r  o m e t e r  ,  L h u s

L h e  d e t ; r e e  o f  p o s i t i v e n e s s  o f  a  b u r l  .  i



don  I  t .  My  f i e l d  t es t s  w i  t h  bo th  t ypes  o f  de tec to r s  moun ted  on
the  same gumdrop  repea ted l y  show tha t  t he  su rg i ca l  co t ton  i s
s i gn i f i can t l y  b r i gh te r  and  more  sens i  t i ve  t o  I owe r  concen ta t i ons
o f  dye .  Th i  s  i s  p robab ly  because  the re  a re  fewer  f i be rs  pe r  un  i  t
a rea  i n  t he  c l o th .

Cha rcoa l  Bugs  and  E lu t i on

A  cha rcoa l  bug  cons i s t s '  o f  I  t o  2  t easpoons

A v a i I a b I e  f r o m  a n y
c h e m i c a l  s u p p l y  h o u s e

w a t e r  w o u l d  p r o b a b l y  b e
i s  a v a i l a b l e . )

-/
o f  a c t  i  v a t e d

c o c o n u t  c h a r c o a l  i n  a  p a c k e t  m a d e  o f  a l u m  i n u m ,  n y l o o  r  o r
f i b e r g l a s s  s c r e e n i n g .  T h e  p a c k e t  i s  a b o u t  2 . 5  i n c h e s  s g u a r e  a n d
t w o  o f  t h e m  c a n  b e  f o l d e d  f r o m  a  5  x  7 - i n c h  p i e c e  o f  s c r e e n i n g .
D o  n o t  

'  
u s e  c o p p e r  o r  b r a s s  s c r e e n i n g .  I f  y o u  u s e  n y l o n  o r

f i b e r g l a s s  s c r e € n i n g ,  t w o  o f  t h e  s e a m s  c a n  b e  c l o s e d  w i t h  a
s e w i n g  m a c h i n e r  p r e f e r a b l y  w i  t h  n o n - c o t t o n  t h r e a d ,  a n d  t h e  t h i r d
c a n  b e  c l o s e d  w i t h  s t a p l e s .  A l t e r n a t i v e l y ,  a l l  t h e  s e a m s  c a n  b e
c l  o s e d  w i  t h  s t a p l e s  .  F o I d  t h e  e n d s  o v e r  t o  p r e v e n t  l o s s  o f
c h a r c o a l  a t  t h e  s e a m s . T h e  b u g  i s  h u n g  o n  a  g u m d r o p r  d s
d e s c r  i b e d  i n  F i g u r e  I .  R e p l a c e  p a p e r  c l  i p s  a f t e r  t w o  E o  t h r e e
w e e k s ;  t h e y  r u s t  a n d  t h e y  f a  i I  b y  f a t i g u e  w h e r e  b e n t .

T h e  f o l l o w i n g  d e t e c t o r  a n d  s o m e  o r  a I l  o f  t h e  i n d i c a t e d
r e a g e n t s  a r e  n e e d e d :

A c t i v a t e d  c o c o n u t  c h a r c o a l ,  5 - L 4  m e s h  ( F i s h e r  # 5 - 5 8 5 - A ;  c o s t :
$ I 8 .  0 0  p e r  p o u n d  )  .  U n l e s s  y o u  a r e  g o i n g  t o  u s e  h u n d r e d s
o f  b u g s  p e r  y e a r ,  d o  n o t  b u y  c h a r c o a l  i n  c o n t a  i n e r s
l a r g e r  t h a n  l - p o u n d .  C h a r c o a l  l o s e s  i t s  s o r p t i o n  a b i l  i t y
b y  r e a c t i o n  w i  t h  a i r  o v e r  a  p e r  i o d  o f  w e e k s  t o  m o n t h s ,
d e p e n d i n g  u p o n  h o w  t i g h t l y  t h e  c a n  i s  s e a l e d .  D o  n o t  u s e
t h e  c h a r c o a l  d e s i g n e d  f o r  w a t e r - t r e a t m e n t  p r o c e s s e s  a n d
a q u a r i u m s

I s o p r o p y l  a l c o h o ]  ( z - p r o p a n o l  )  :  T h i s  i s  r u b b i n g  a l c o h o l  ,  a
7 0 e ,  s o l u t  i o n  r  d v a i l a b l e  i n  a n y  d r u g  s t o r e  f o r  a b o u t  $ I . 0 0
p e r  p i  n t  .  Y o u  c a n  a I  s o  u s e  t h e  9 9 2  s o l  u t  i o n  a v a  i  I  a b l e
f r o m  c h e m i c a l  s u p p l y  h o u s e s  a t  a  p r  i c e  a b o u t  4 0  t i m e s
h i g h e r ,  o r  y o u  c a n  u s e  t h e  i n e x p e n s i v e  9 9 ?  s o l u t i o n  w h i c h
i s  s o l d  f o r  c l e a n i n g  d r u r n s  o n  x e r o x  m a c h i n e s ,  b u t  e a c h
h a s  t o  b e  d i l u t e d  w i t h  w a t e r  t o  7 0 ? .  I f  y o u  d o n ' t  d i f u t e

.  t h e m ,  t h e  K O H  w i I I  n o t  d i s s o l v e  p r o p e r l y .  M a k e  a
s a t u r a t e d  s o l u t i o n  b y  a d d i n g  a b o u t  5  t o  7  g r a m s  K O H  t o
I 0 0  m l  o f  t h e  7 0 ?  a l c o h o l  .  U s e  j u s t  t h e  I  i g h t e r  I  i q u  i d ,
a t  t h e  t o p ,  w h i c h  i s  a  s a t u r a t e d  s o l u t i o n  o f  a b o u t  5 e o' K O H .

E t h a n o l
l - p r o p a n o l
P o t a s s i u m  h y d r o x  i d e
A m m o n i u m  h y d r o x i d e
D i s t  i  I  l e d  w a  t e r  ( T a p

w h e n  n o t h i n q  e l s e
s a t i s f a c t o r v

A  F i s h e r  a d d r e s s  i s  g i v e n  i n  T a b l e  2 .  B u g s  s h o u l d  b e  c h a n g e C
e v e r y  c o u p l e  o f  d a l z s  t o  w e e k i y .  I n  s t r e a m s  w i . t h  s m e l l y  o r
c o L o r e d  w a t e r ,  t h e  c h a r c o a l  w i .  l l  b e  r a p i d l y  e x h a u s t e d ;  b u g s
s h o u - l . c l  b e  c h a n q e d  c l a i  j - v  o r  m o r e  o f t - e n -



I f  e l u t i o n  o f  d y e  f r o m  c h a r c o a l  i s  n o t
h o u r s  a f t e r  c o l l e c t i o n ,  t h e  b u g  s h o u l d  b e

d o n e  w i  t h i  n  6  t o  L z
d r  i e d  a s  s o o n  a s

m i n i m i z e  b a c t e r i a l
f l u o r e s c e i n  i n  t h e

o f  e l u t a n  t s ,
d  i  f f  i c u l  t  w h e n
t o  d e v e l o p ' a n

p o s s i b l e  a f t e r  c o l l e c t i o n . Th i  s  wi  I  I
r e a c t i o n s  t h a t  c a n  d e s t r o y  s o m e  o f  t h e
c h a r c o a l .

E l u t i o n  o f  d y e  i s  s i m p l e .  I n t e r p r e t a t i o n
h o w e v e r ,  r a n g e s  f r o m  o b v i o u s  t o  s u b t l e  a n d  c a n  b e
t h e  a m o u n t  o f  d y e  r e c o v e r e d  i s  m i n  i m a l  .  O n e  h a s
t t e y e t t  f  o r  d o  i  n g  s o .

I  r e c o m m e n d  t h e  f o l l o w i n g  e l u t a n t s  f o r  r e c o v e r i n g  d y e  f r o m
a c t i v a t e d  c h a r c o a l :

A . F o r  F l u o r e s c e i n :  5 t  K O H  i n
has a l imi ted sheU:I l f -e--
f e w  d a y s  o l d .  )
For  Rhodam ine  W1t :  a  5  :  2 :  3

70  t  _ i  soBropy l  a ' l  r -ohg l  .  (Th  i  s
D o  n o t  u s e  e l u t a n t  m o r e  t h a n  a

mix tu re o f  l - p r o p a n o l ,  c o n c e n -
( T h i s  h a s  a  s h e l f - l i f e

o f  s e v e r a m o n t h s ,  )

T h e  c h o i c e  o f  w h i c h  h y d r o x i d e  t o  u s e  i n  w h i c h  a l c o h o l  d e p e n d s
u p o n  w h a t  d y e  i s  t o  b e  e l u t e d ,  w h e t h e r  t w o  d y e s  a r e  t o  b e  e f u t e d ,
t h e  a d e g u a c y  o f  a v a i l a b l e  v e n t i l a t i o n ,  a n d  o n e ' s  t o l e r a n c e  f o r
a m m o n i a  f u m e s .  A s  d i s c u s s e d  b y  A t k i n s o n  a n d  S m a r t  ( I 9 8 I ,  p .
L 7 7 1 ,  t h e  b e s t  a n d  m o s t  e f f i c i e n t  e l u t a n t  f o r  R h o d a m i n e  W T  i s  a
5 :  2 :  3  m i x t u r e  b y  v o l u m e  o f  l - p r o p a n o l  r  c o n c e n t r a t e d  N H a o H ,  a n d
d i s t i  l l e d  w a t e r  ,  p r e f e r a b l y  w a r m e d  t o  a b o u t  1 4 0  o p  ( S m a r t ,  

' L 9 7 2 ;

S m a r t  a n d  B r o w r l r  1 9 7 3 ) .  M o s t  p r a c t i t i o n e r s ,  m y s e l f  i n c t u d € d ,
e l u t e  a t  r o o m t e m p e r a t u r e  a n d  w e  h a v e  a s s u m e d  t h a  t  t h e  5 :  2 : 3
" S m a r t  S o l u t i o n "  i s  a l s o  o p t i m a l  f o r  e l u t i o n  o f  F l u o r e s c e i n .  B u t
i t  m i g h t  n o t  b e  o p t i m a l .  S t a f  f  o f  t h e  M i s s o u r i  G e o l o g i c a l  S u r v e y
p r e f e r  t o  u s e  e t h a n o l  r a t h e r  t h a n  l - p r o p a n o l  b e c a u s e  t h e  f u m e s
a r e  s i g n i f i c a n t l y  1 e ' s s  w h e n  e t h a n o l  i s  u s e d .  T h e i r  l a b o r a t o r y
t e s t s  h a v e  s h o w n  t h a t  5 ?  K O H  i n  e t h a n o l  r e l e a s e s  s i g n i  f i c a n t l y
m o r e  F l u o r e s c e i n  f r o m  c h a r c o a l  t h a n  d o e s  5 B  N H d O H  i n  t h e  s a m e
a l c o h o l .  I n  c o n t r a s t ,  t h e  r e c o v e r y  o f  R h o d a m i n e  f r r  f r o m  c h a r c o a l
i s  f a r  g r e a t e r  w i  t h  5 ?  N H 4 o H  i n  e t h a n o l  t h a n  w i  t h  5 ?  K o H  i n  t h e
s a m e  a I c o h o I .  F o r  s e m i - q u a n t i  t a t i v e  t e s t s  u s i n g  a c t i v a t e d
c h a r c o a l ,  a  s p e c t r o f l u o r o m e t e r ,  a n d  b o t h  d y e s ,  t h e  S u r v e y  h a s
s t a n d a r d i z e d  o n  e l u t i o n  w i t h  5 3  N H d O H  i n  e t h a n o l .  T h i s  i s
b e c a u s e ' t h e  s i g n i f i c a n t  d e c r e a s e  i n  t l r e  r e c o v e r y  o f  F l u o r e s c e i n
w h e n  N H 4 O H  i s  u s e d  i s  m u c h  I e s s  t h a n  t h e  g r e a t  d e c r e a s e  i n  t h e
r e c o v e r y , o f  R h o d a m i n e  W T  w h e n  K O H  i s  u s e d  ( J a m e s  W .  D u l e y ,  o r a l
c o m m u n i c d t i o n ,  J a n u a r y  I 9 B 6 ) .  N e v e r t h e l e s s ,  i t  h a s  n o t  y e t  b e e n
s h o w n  w h e t h e r  l - p r o p a n o l  i s  m o r e  e f f i c i e n t  o r  l e s s  e f f i c i e n t  t h a n
i s o p r o p y l  a l c o h o l ,  e t h a n o l  e  o r  a n y  o t h e r  a l c o h o l  f o r  e l u t i o n  o f
F l u o r e s c e i n  f r o m  a c t i v a t e d  c h a r c o a l .  T h e r e  i s  a  g r e a t  n e e d  f o r  a
s y s t e m a t i c  s t u d y  o f  F l u o r e s c e i n  e l u t i o n  s i m i l a r  t o  t h e  s t u d y  b y
S m a r  t  ( L 9 l  2 )  o f  R h o d a m  i n e  w T  e I  u t  i o n .  S u c h  a  s t u c i  y  s h o u l d  s t a r  t
w i t h  l a b o r a t o r y  t e s t s  a n d  b e  e x t e n d e d  t o  i n c l u d e  b u g s  w i c h  h a v e
b e e n  s u b j e c t e d  t o  t h e  v a g e r i e s  o f  e x p o s u r e  i n  a c t L r a l  s p r i n g s  a n d
s t r e a m s .

I t  i s  p r a c t i c a l  t o  e l u t e  d y e  i n  b a b y - f o o d  j a r s  o n  w h i c h  a n
i d e n t i f y i n g  n u r n b e r  f r a s  b e e n  s c r i b e c l .  S i m i l a r l y - s r z e d  i a r s  w h i c h
. - ' a n  b e  s e a l e d  a r e  a i s o  s u i t a b l e .



Wash bugs wi-th---a-bi+fh-speed -iet-of-wat-er-;---thi s- wi.l l-- remove
c l a y  a n d  s i l t  w h i c h  i n t e r f e r e s  w i t h  t h e  a n a l y s i s .  p o u r  a b o u t
h a l f  o f  t h e  c h a r c o a l  i n t o  t h e  n u m b e r e d  j a r  a n d  c o v e r  t h e  c h a r c o a l
w i t h  a b o u t  L / 8 "  t o  L / 4 "  o f  e l u t a n t .  W a i t .  [ K e e p  t h e  o t h e r  h a l  f
o f  t h e  c h a r c o a l  i n  c a s e  i t  i s  n e e d e d  f o r  e v i d e n c e r  o r  i n  c a s e
t h e r e  i s  a  f o u l - u p  s u c h  a s  d r o p p i n g  a  j a r ,  e t c . l

T h e  k e l l y - g r e e n  c o l o r  o f  F l u o r e s c e i n  i s  d i s t i n c t i v  e i - -  b u t
i n t e r p r e t a t i o n  o f  w e a k l y  p o s i t i v e  t e s t s  i s  c o m p l i c a . t e d  b y
c o n f u s  i o n  b e t w e e n  t h i  s  c o l o r  a n d  t h e  c o l o r  o f  a l g a e  a n d  - o r g a n  i c
m a t t e r  ( h u m i c  a c i d  t  a g r i c u l t u r a l  w a s t € ,  e t c .  )  w h i c h  c a n  o c c u r  a s
b a c k g r o u n d .  A l t  o f  t h e m  a r e  s o r b e d  b y  t h e  c h a r c o a l  a n d  r e l e a s e d
f r o m  i t  b y  t h e  e l u t a n t .  M a n y  a  t e s t  h a s  b e e n  f a l s e l y  c a l l e d
Pos  i  t  i ve  by  we l l -mean  ing  peop le  who  hadn ' t  ye t  l eJ rned  to
d i s t i n g u i s h  t h e  g r e e n  o f  t h i s  b a c k g r o u n d  f r o m  t h a t  o f
F l u o r e s c e i n .  T h e  h u m a n  e y e  i s  b e t t e r  a b l e  t o  d i s t i n g u i s h  b e t w e e n
l h e m  t h a n  i s  t h e  f l u o r o m e t e r  o r  s p e c t r o f l u o r o m e t e r .

T h e  f o l l o w i n g  i s  a  s e m i - q u a n t i t a t i v e  s c h e m e  p r o p o s e d  b y  A l e y
a n d  F l e t c h e r  ( L 9 7 6 ,  p .  1 6 )  f o r  a s s e s s i n g  t h e  d e g r e e  o f  p o s i t i v e -
n e s s  o f  F l u o r e s c e i n  r e c o v e r y  o n  c h a r c o a l :

I .  V e r y  s t r o n g l y  p o s i  t i v e :  D y e  c a n  b e  s e e n  d i s E i n c t l y  w i  t h
t h e  n a k e d  e y e  i n  s u n l  i g h t  o r  i n  a n  a r t i  f i c a l l y  L i g h t e d
r o o m  w i  t h i n  1 5  m i n u t e s  o f  t h e  t i m e  t h a  t  K O H  a n d  a l c o h o l
a r e  a d d e d  t o  t h e  c h a r c o a l .

2 .  S t r o n g l y  p o s i t i v e :  S a m e  a s  a b o v e ,  b u t  a f t e r  1 5  m i n u t e s  a n d
b e  f o r e  3  h o u r s  .

3 .  t ' l o d e r a t e l y  P o s i  t i v e :  D y e  c a n  b e  s e e n  w i  t h  t h e  n a k e d  e y e  i n
s u n l i g h t  o r  i n  a n  a r t i f i c i a l l y  I i g h t e d  r o o r n ,  b u t  n o t  u n t i l
3  t o  2 4  h o u r s  a f t e r  a d d i . t g  K O H  a n d  a l c o h o l .  T h e  d y e  i s
i n d i s t i n c t ,  a n d  t h e  o b s e r v e r  f e e l s  i t  i s  n e c e s s a r y  t o
v e r i f y  t h e . r e s p l t s  b y  b e a m i n g  a  l i g h t  i n t o  t h e  s a m p l e  j a r .

4 .  W e a k l y  P o s i  t i v e :  D y e  c a n n o t  b e  d e t e c t e d  b y  t h e  n . t < e d  e y e
i n  s u n l i g h t  o r  i n  a n  a r t i f i c i a l l y  t i g h t e d  r o o m  u n t i l  m o r e
t h a n  2 4  h o u r s  a f t e r  a d d i . r g  K O H  a n d  a l c o h o l ,  D y e  c a n  b e
d i s t i n c t l y  s e e n  b y  t h e  n a k e d  e y e  w h e n  a  I i g h t  i s  b e a m e d
t h r o u g h  t h e  s a m p l e  j  a r  .

5 -  V e r y  w e a k t y  p o s i t i v e :  T h e  a p p e a r a n c e  o f  t h e  d y e  i s  s i m i l a r
t o  w e a k l y  p o s i t i v e  t e s t s ,  b u t  t h e  d y e  c a n n o t  b e  s e e n  u n t i l
m o r e  t h a n  o n e  b u t  l e s s  t h a n  1 0  d a y s  a  f t e r  a d d  i n g  K O H  a n d
a l c o h o l .  T h e  d y e  c a n  b d  d i s t i n c t l y  s e e n  b y  t h e  n a k e d  e y e
w h e n  a  r  i g h t  i  s  b e a m e d  E h r o u g h  t h e  s a m p r e  j  a r  .

T h e  l i g h t - b e a m i n g  t e c h n i q u e  i n c r e a s e s  t h e  d e t e c t a b i l i t y  o f
F l o r e s c e i n ;  i  t  c a n  b e  s e e n  i n  c o n c e n t r a t i o n s  a s  l o w  a s  o n e  p a r t
p e r  b i l l i o n .  T h e  t e c h n i q u e  i s  s i m p l e  a n d  c a n  b e  d o n e  i n  e i t h e r
o  f  t w o  w a y s  :

I  .  U s e  t h e  f  o c u s s e d  b e a m  f  r o m  a  m  i c r o s c o p e  l a r n p .
2 .  U s e  s u n l i g h t  a n d  a  4 - i n c h  r e a d i n g  g l a s s .

T h e  " g r e e n  b e a m "  i s  m o r e  v i s i b l e  i f  i t  i s  v i e w e d  a g a i n s t  a  b l a c k
b a c k E r o u n d .

D o  n o t  s h ; r k e  t h e  j u r .  I f  y o L r  d o ,  a n d  i f  t h e r e  i s  a n y  s l r s -
p e n c i . : d  c l a y  t f i a t  w a s  o n  t h e  c h a r c o . i l  a n d  i s  t h e n  i n  L h e  e I r , r b a n L ,
t h e  l r e ; l m  w i  I  I  b e  w h  i  t e ;  y o u  w i  I  I  h a r , ' e  t o  w a  i  t ,  p € r h a p s  a s  I o r r g  a s



s e v e r a l  h o u r s ,  u n t i t  i t  s e t t l e s .

E l u t i o n  o f  d y e  f r o m  a c t i v a t e d  c h a r c o a l  d o e s  n o t  g i v e
r e p r o d u c i b l e  ,  r e l  i a b l e  r e s u l t s  o n  a  f l u o r o m e t e r  o r  s p e c t r o -
f l u o r o m e t e r  .  T h e r e  c a n  b e  d y e -  l o s s e s  d u e  t o  m i c r o b i o l o g  i e a l
r e a c t i o n s  a n d  d i f f u s i o n  o f  a d s o r b e d  d y e  o n t o  i n t e r n a l  h i g h - e n e r g y
s i t e s  i n  t h e  c h a r c o a l ;  n o t  a t I  d y e  i s  e l  u t e d  o r  t t r e  t i ; a
n e c e s s a r y  f o r  a t t a i n m e n t  o f  e q u i f i b r i u r n  b e t w e e n  e l u t a n t ,  c h a r -
c o a l  ,  a n d  d y e  i s  l o n g  r  v d r  i a b l e ,  a n d  t e m p e r a t u r e - s e n s i t i v e  ( S m a r t
a n d  F r  i e d e r  i c h ,  I 9 8 2 ,  p .  I 0 8 - l I l )  .

Ja rs  used  f o r  e l u t i on  shou ld  be  t ho rough l y
uses .  some  p rac t i t i one rs  p re fe r  t o  i nc l ude  a  b i
t he  r i nse  wa te r ,  i n  o rde r  t o  e l im ina te  t he
con tam ina t i on  f r om tes t s  t o  ano the r .  The
howeve r ,  i s  p robab l y  no t  necessa ry .

washed between
t  o f  C lo rox  i n
poss ib i f  i t y  o f
use  o f  C lo rox ,

PLACEMENT OF DETECTORS

P l a c e  t h e  b u g s  i n  a  s t r e a m  o r  s p r i n g  a n d  a t  a  l o c a t i o n  w h i c h
m a x i m i z e s  t h e  a m o u n t  o f  w a t e r  w h i c h  p a s s e s  t h r o u g h  t h e m .  A n c h o r
a  b u g  t o  a  r o c k ,  u s e  a  g u m d r o p  ( F i g u r e  I )  ,  o r  a  c h a n e y - p i n
( d e s c r i b e d  i n  t h e  s u b s e q u e n t  s e c t i o n  o n  p r  i n c i p l e s  o f  d y e -
t r a c i n g ) .  I n  m y  o p i n i o n ,  g u m d r o p s  o f f e r  t h e  g r e a t e s t  c o n v e n i e n c e
a n d  f l e x i b i f  i t y  w h e r e  t h e r e  i s  m u c h  s u s p e n d e d  s e d  i m e n t  a n d  w h e n
b u g s  m u s t  b e  r e c o v e r e d  a t  s i t e s  w h e r e  w a t e r  l e v e l s  m a y  f l u c t u a t e
m o r e  t h a n  a  f e w  f e e t .  I n  t h e  M a m m o t h  C a v e  a r e a  b r e  c o m m o n l y  h a v e
a  f l u c t u a t i o n  o f  I 0  t o  2 0  f t ;  5 0  f t  i s  p o s s i b l e .  A c c o r d i n g l y ,
t h e  n o n - g u m d r o p  e n d  o f  t h e  c o r d  s h o u l d  b e  t i e d  a t  a n  e l e v a t i o n
n o t  I i k e I y  t o  b e  f l o o d e d  d u r i n g  t h e  d u r a t i o n  o f  t h e  t e s t  b e i n g
r u n .  I f  f l o w  v e l o c i t i e s  a r e  v e r y  h i g h ,  p u t  t h e  b u g s  i n  a  m o r e
s h e l  t e r e d  a r e a .  O t h g r w i  s e  c o t t o n  m a y  b e  w a s h e d  a w a y  a n d  c h a r c o a l
m a y  b e  w a s h e d  t h r o u g h  t h e  s c r e e n ;  t h e  t e s t  c a n  b e  l o s t ,

B u g s  c a n  a l s o  b e  p l a c e d  i n  w e l l s  o r  r  p r e f e r a b l y ,  i n  a  s t r e a m
o f  w a t e r  c o n t i n u o u s l y  o r  r e g u l a r l y  p u m p e d  f r o m  a  w e l  I  .  T h e y  c a n
e v e n  b e  p u t  i n  t h e  t a n k  b e h i n d  a  t o  i  l e t  b u t  ,  s i n c e  t h e  d e g r e e  o f
p o s i  t i v e n e s s  o f  a  b u g  i s  d  i r e c t l y  r e l a t e d  t o  t h e  a m o u n t  o f
d y e - I a d . e n  w a t e r  t h a t  h a s  p a s s e d  t h r o u g h  i t ,  p u m p e d  w e l l s  a r e  m o r e
s e n s  i  t  i v e  a n d  r e l  i a b l e  t h a n  t o  i  I  e t  t a n k s  a s  a n  i n d  i c t o r  o f  t h e
P r e s e n c e  o f  d y e .  R e c e n t  o b s e r v a t i o n s  i n  A r k a n s a s  b y  T o m  A I e y
s u 9 9 e s t ,  t h a t  e v e n  t h o u g h  m o s t  w e l l s  d o  n o t  i n t e r c e p t  t r u n k
c o n d u i t s  o r  t h e i r  m a j o r  t r i b u t a r i e s ,  c o n t i n u o u s  p u m p i n g  o f  a  w e l l
c a n  r e v e r s e  t h e  n o r m a l  f l o w  o f  w a t e r .  P u m p i n g  c a n  d r a w  d y e - l a d e n
w a t e r  f r o m  t h e  c o n d u i t s  a n d  i n t o  t h e  j o i n t s  a n d  b e d d i n g - p l a n e
e n l a r g e m e n t s  t h a t  n o r m a l l y  f e e d  b h e m .  H e  h a s  h a d  s u c c e s s  b y
c o n t i n u o u s l y  p u m p i n g  w e l l s  f o r  a  w e e k  o r  m o r e  a t  r a t e s  u p  t o  5
g p m  ( 7 2 0 0  g P d ) .  W a t e r  f l o w s  t h r o u g h  a  g a r d e n  h o s e  a n d  t o  a n
o p a q u e  c o n t a i n e r  w h i c h  h a s  a n  o p a q u e  c o v e r .  T h i s  p r o t e c t i o n
m i n r . m i z e s  t h e  I i k e l i h o o d  t h a t  s u n l i g h t  w i I I  e n h a n c e  t h e  g r o w t h  c f
g r e e n  a l g a e  w h i c h  c a n  i n t e r  f e r e  w i  t h  i n t e r p r e t a t i o n  o f  e l u t a n t
c o l - o r  .  R e s e a r c h  n e e d s  t o  b e  d o n e  o n  t h e  e x  t e n t  t - - o  w h  i c h  w e l  l s  i n
k a r s t  a r e a s  c a n  m o n i t o r  L h e  c o n d u i t s  t h e y  d o n ' t  i n t e r c e p t _ -

P i l f e r i n g  o f  q u m d r o p s  c r a n  b e  m ' , n r m i z e r i l  b y  r r s i n g  a  p L a s t i , : -



l am ina ted  t ag  s im i ra r  t o  t he  one  shown  i n  F igu re  z . I t  w o r k s .

HOW MUCH DYE TO USE

T h i s  i s  a  m a t t e r  o f  e x p e r i e n c e .  E q u a t i o n s  a n d a  nomograph
may be  g i ven  i n  The  Jov  o f  Dve inq  bu t  ,  f o r  now,
rures o f  thumb.  ErTe-avErage Kentucky spr  ing
i s )  ,  unde r  ave rage  cond  i t i ons  (wha teve r  t hey  

-  
a re )

wi  th  the fg l lowing and ad jus t  amounts  downward
in i  t i a l  r esu l t s  sugges t :

F l uo resce in  one  pound  pe r  m i l e ,  up  t o  f i ve  pounds
D i rec t  Ye l l ow  95 ,  T inopa l  5BM GX,  and  pho rw i l e  BBH pu re

tw ice  as  much  as  fo r  F luo resce in
P h o r w i t e  A R  S o l u t i o n

g a l l o n s
o n e  g a l l o n  p e r  m i l e , up  to  fou r

Rhodamine  WT no t  recommended  fo r  mos t  gua l  i t a t i ve  tes ts
.  because  the  tea - l i ke  co lo r  o f  any  o rgan ic  ma t te r  common-

I y  p resen t  can  mask  t he  p i nk  t i n t  o f  t he  dye  un less
re l a t i ve l y  l a rge -  quan t i  t i e s  a re  used  .  r f  you  mus t  ,  t r y
0 ,5  ga l l on  pe r  r n i l e .

Fo r  quan t i t a t i ve  t es t s ,  us i ng  a  f l uo rome te r  o r  spec t ro -
f l uo rome te r ,  use  one  t en th  t o  one  hund red th  as  much  dye .  Rhoda -
m ine  wT  i s  t he  bes t  dye  t o  use  f o r  quan t i  t a t i ve  t r aces .

r t  i s  a lways  a  goa l  t o  l im i t  t he  amoun t  o f  dye  t o  a  quan t i  t y
wh i ch  i s  i nsu f  f  i c i en t  t o  impa r t  a  v i s i b l e  co lo r l t i on  t o  wa te r .
Th i s .  goa l  i s  i nsp i r ed  by  hea l t h  and  aes the t i c  ( pub l  i c  r e l a t i ons )
cons  i de ra  t i .  ons  ,  bu t  t he re  a re  t imes  when  ,  f  o r  p , r b l  i c  con f  i dence
in  r esu l t s  ( o r  f o r  r abb le - rous i . r g ) ,  i t  i s  adv i sab le  t o  have  t he

I ' l l  s t a t e  s o m e
( w h a t e v e r  t h a t

,  I  would s ta r  t
o r  u p w a E d ,  a s

T h e  l i m i t  o f
0 .  3  p p m  c a n  b e

r e s u r g e n c e  o f  t h e  d y e  v i v i d l y  o b v i o u s  t o  a I I .
v i s i b i l i t y  o f  F l u o r e s c e i n  i s  a b o u t  0 . 0 3  p p m ;
e a  s  i  I  y  s e e n  w i  t h  t h e  

' n a k e d  
e y e  .

T h e  U - S .  G e o l o g i c a l
m a x  i m u m  c o n c e n t r a  t  i  o n  o f
d r a w a  I  p o  i n t s  t o  0 .  0 I  p p m
i  s  a n  a r b  i  t r a r y ,  c o n s e r v a  t

S u r v e y  h a s  a  p o l i " y
f l u o r e s c e n t  d y e s  a t

( H u b b a r d  e t  a I . ,  l 9 B 2
i v e ,  .  n o n - o b l T g - . t o r y  I

o f  I i m i t i n g  t h e
w a b e r - u s e r  w i t h -

,  p .  1 5 ) ,  b u t  t h i s
i m i t  r a t h e r  t h a n

P L E A S E  D O  N O T  D I S T U R E

TXIS IS PART OF A RISIARCH PRO.'ECT COilCfRH€O UITH
rRAClH6 efttRE spRlN6 yATERS CO?r€ FRon. FoR
txFo$r i l0lr A80uT THts pRoJEcT Afio ITs RISULTS
CA|L Jltl QtJlttLArt AI: 758-2194.
IF YO{J HAVT RTIIOVTO THIS OIYICI FROi
YCIJLO YOJ PLEASI PUI IT BACK THI IIAY

TXAIK YfrJ.

UATTR
FOUXO I T

\
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one  based  on  a  comprehens i ve  assessmen t  o f  t ox i c i t y

r  u rge  cau t i on  i n  t he  use  o f  D i ree t  ye l l ow  96 .  I f  you  use
too  h i gh  a  concen t ra t i on  i n  a  po tab le  wa te r  supp l y  you  m ign t  dye
someone ' s  l aund ry  pa le  ye t l ow .  Peop le  w i I I  

-  
l onae r  wh&e  the

ye l l ow  came  f r om.  The re  w i t l  be  no  i n j u r y  t o  t he i r  hea l t h  bu t
bhey  m igh t  be  i r ked .  And  you  m igh t  have  t o  buy  some  c l o thes .

I  NJECT I  ON OE'  DYE

.  T h i s  t o o  i s  a n  a r t .  W h e n e v e r  p o s s i b l e ,  u s e  d y e  p r e - m i x e d  i n
w a t e r -  I t  c a n  b e  s t o r e d  a n d  c a r r i e d  i n  g a I I o n - m i f f  j u g s .  I
r e c o m m e n d  u s i n g  I  p o u n d  p e r  g a l l o n  o f  w a t e r  f o r  F l u o r e s c J i n  a n d  2
p o u n d s  p e r  g a l l o n  f o r  D i r e c t  Y e l l o w  9 6  a n d  o p t i c a l  b r  i g h t e n e r .
w a r n i n g :  D o  n o t  s t o r e  D i r e c t  Y e l l o w  9 6  i n  a  p l ; s t i c  m i l k  j u g  f o x
m o r e  t h a n  a  m o n t h  o r  t w o  .  D i  r e c t  Y e I  l o w  9 6  e a t s  p l a s t  i c  i  t h e
] Y g "  c r a c k  a n d  l e a k .  T h e  t i m i n g  a n d  I o c a t i o n  o f  t h e  c o n s e q u e n t
d  i  s a  s t e r  f o l  l o w s  M u r p h y '  s  L a w .

A l t h o u g h  y o u  c a n  e a s i l y  i n j e c t  F l u o r e s c e i n  p o w d e r  a n d  T i n o p a l
5 B I ' {  G X  w h e r e  t h e r e  i s  l i t t l e  o r  n o  w i n d ,  n e r " r  i n j e c t  D i r L c t
Y e I  I  o w  9 6  o r  P h o r w i  t e  B B H  P u r e  i n  p o w d e r e d  f o r m  -  u n l e s s  y o u  a r e
p r e p a r e d  t o  h a v e  c o n t a m i n a t i o n  o f  c l o t h e s  a n d  e v e r y t h i n g  y 6 , ,  c o m e
i n  c o n t a c t  w i t h .  W h e n  i n j e c t i n g  F l u o r e s c e i n  p o w d e r  a n d  t h e r e  i s
a  w i n d  '  a l w a y s  b e  u p w i n d  o f  ! h "  p o w d e r ;  k e e p  y o u r  e g u i p m e n t  a n d
a l I  o n l o o k e r s  u p w i n d  a n d  w e l l  a w r a y  f r o m  i t :  T r y  t 6  U e  t o  t h e
s i d e  o f  o r  u p s t r e a m  f r o m  d y e  b e i n g  i n  j e c t e d  i n t o  a  s t r e a r n .  I
f  i n d  w e l l  i n g t o n . - t y p e  r u b b e r  b o o t s  t o  b e  i d e a l  a n d  r  a l w a y s  w e a r
l o n g ,  e l e c t r i c i a n - t y p e  r u b b e r  g l o v e s .  I p l a y t e x  g l o v e s  a r e n ' t
I  o n g  e n o u g h  .  l

A  t a n k - t r u c k  o f  . w a t e r  c a n  b e  u s e d  f o r  d y e - i n j e c t i o n  i n t o  t h e
s u b s u r f a c e  w h e r e  n a t u r a l  f I o w ,  i s  n o t  a v a i l a b l e .  I  h a v e  h a d
s u c c e s s  w i t h  a  " p . i m e r "  o f  I 0 0 0  g a l l o n s  b e f o r e  d y e  i s  i n j e c t e d .
T h e  i n j e c t i o n  i s  f o l l o w e d  b y  a  " c h a s e r "  o f  a b o u t  1 0 0 0  g ; f I o n s .
M o r e  w a  t e r  o r  l e s s  w a  t e r  c o u l d  b e  u s e d  r  d s  c  i  r c u m s t a n c e s  s e e m  t o
r e q u i r e ,  b u t  i t  i s  i m p o r t a n t  t o  h a v e  a  p r i m e r  a n d  a  c h a s e r .

R E C O R D I N G  T E S T  D A T A

T h e  r e s u l t s  o f  a  d y e  t e s t  s h o u l d  b e  r e c o r d e d  o n  a  d a t a  s h e e t
s i m i l a r ' t o  t h a t  s h o w n  i n  F i g u r e  3 .  r  f i l l  t h e m  i n  w i t h  a n
o r d i n a r y  p e n c i l  b u t  r e c o r d  a l I  p o s i t i v e  r e s u l t s  w i t h  a  r e d  p e n .
T h i s  m a k e s  p o s i t i v e  r e s u l t s  I e s s  I i k e l y  t o  b e  o v e r l o o k e d .  I
r e c o r d  a  w e a k t y  p o s  i  t i v e  t e s t  w i  t h  a  s i n g l e  d o t t e d  r e d  c r o s s  -

D a i l y  t a s k s
b u g  s h e e  t  s h o w n
r e s u l t s  o f  t h e
t h e  b u g  s h e e t ,
p o u r e d  i n t o  t h e

a s : ; o c i a t e d  w i  t h  a  d y e - t r a c e  a r e  r e c o r d e d  o n  t h e
i n  F i g u r e  4 .  N o t e  t h e  c o l u m n  f o r  r e c o r d i n g  t h e

d y e  t e s t s .  T h e  j u r  n u m b e r  i s  a r w a y s  r e c o r d e c j  o n
c t r e c k e d ,  a n d  r e c h e c k e c i  b e f o r e  a n y  e l u t a n t  i s

j u . .
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RECENT ADVANCES IN  THE INTERPRETATION OF DYE TRACES

S i g n i f i c a n t  a d v a n c e s  h a v e  b e e n  m a d e  d u r i n g  t h e  p a s t  f e w  y e a r s
i n  t h e  i n t e r p r e t a t i o n  o f  d y e - t r a c e  r e s u l t s  i n  k a r s t  t e r r a n e s .
R e p e a t e d  t r a c e s  i n  t h e  s a m e  s w a l  I e t - t o - s p r  i n g  s y s t e m  s h o w  t h a  t
t h e  t r a v e l  t i m e s  i n  s e v e r a l  B r i t i s h  s y s t e m s  s h o w  a n  i n v e r s e ,
n o n - l i n e a r  ( h y p e r b o l i c )  r e l a t i o n  w i t h  d i s c h a r g e  ( S m a r t ,  1 9 8 l ;
S t a n t o n  a n d  S m a r t ,  1 9 8 1 ) .  T h e y  s h o w e d  t h a t  t h e  b r e a k t h r o u g h
c u r v e  ( t i q e  v s .  d y e  c o n c e n t r a t i o n )  i n d i c a t e s  i n c r e a s i n g
d i s p e r s i o n  w i t h  d e c r e a s i n g  d i s c h a r g e ,  a  c o n s e q u e n c e  o f  t h e
i n c r e a s i n g  " d e a d  v o l u m e "  o f  t h e  c o n d u i  t .  M u I  t i p l e  d y e - p e a k s
s u g g e s t  t h a t  b r a n c h e d  f l o w  r o u t e s  a r e  p r e s e n t  a n d  t h a t  t h e
r e l a t i v e  s i g n i f i c a n c e  o f  e a c h  b r a n c h  c h a n g e s  a s  s p r  i n g  d i s c h a r g e
c h a n g e s  .  W h e r e  t h e  t r a v e l  t i m e  s h o w s  a  1 :  1  i n v e r  s e  r e l a t i o n s h  i p
t o  d i s c h a r g e ,  a  s y s t e m  i s  i n t e r p r e t e d  t o  b e  p h r e a t i c ;  t h i s
c h a r a c t e r i s t i c  o f  s i m p l e  p h r e a t i c  s t r e a m s  a l l o s r s  g r a p h i c  a n a l y s i s
t o  d i s t i n g u i s h  t h e m  f r o m  v a d o s e  a n d  c o m p l e x  p h r e a t i c  s t r e a m s .
They  a lso  showed tha t  the  a rnoun t  o f  Rhodamine  wT wh ich  i s  so rbed
i n  t r a n s i t  f r o m  s w a l l e t  t o  r e s u r g e n c e  i s  a p p r e c i a b l y  g r e a t e r  a t
I o w  f l o w s  t h a n  a t  h i g h  f l o w s .  A  p u l s e - t e s t  ( a  p o w e r f u l  t e c h n i q u e
e x p l a i n e d  a n d  r e v i e w e d  b y  S m i t h ,  L 9 7 7  r  p .  9 9 - f 0 f )  m a d e  d u r i n g  l o w
f l o w  i n  o n e  o f  t h e  s y s t e m s  i n d i c a t e s  t h a t  o n l y  a  s m a l l  p r o p o r t i o n
o f  t h e  c o n d u i t  i s  v a d o s e  ( S m a r t  a n d  H o d g e ,  I 9 8 0 ) .  S i g n i f i c a n t
a d v a n c e s  i n  g u a n t i t a t i v e  d y e - t r a c i n g  h a v e  a l s o  b e e n  m a d e  b y  C .  C .
S m a r t  ( f  9 B 3 a ,  I 9 8 3 b )  a n d  S m a r t  a n d  F o r d  ( f  9 8 2  )  i n  a  g l a c i e r  i  z e d
C a n a d i a n  k a r s t  a n d  b y  L a n g  e t  a I .  ( L 9 7 9 1  ,  C o l l i n s  ( 1 9 8 2  )  ,
B u r k i m s h e r  ( 1 9 8 3 ) ,  a n d  B r u g r m a n  t f g A O T i n  g l a c i e r s .

I n t e r - p r e t a t i o n  o f  r e s u l t s  o f  i n t e n s i v e  t r a c i r g ,  e s p e c i a l l y
w h e n  d o n e  w i  t h  c o m p l e m e n t a r y  c h e m i c a l  a n a l y s e s  a n d  d i s c h a r g e
m e a s u r e m e n t s ,  h a s  m a d e  i t  p o s s i b l e  t o  c o n s t r u c t  m e n t a l  m o d e l s
t h a t  e n a b l e  v i s u a l  ) t u t i o n  a n d  c o m p r e h e n s i o n  o f  w a t e r  a n d
p o l l u t a n t  m o v e r n e n t  t h r o u g h  k a r s t  t e r r a n e s  a s  s h o w n  b y  J o n e s
( I 9 7 3 )  '  Q u i n l a n  a n d  R o w e  ( L 9 1 7 ) ,  A t e y  ( L 9 7 7  |  1 9 7 8 ) ,  e u i n l a n  a n d
R a y  ( l 9 B I ) ,  C r a w f o r d  ( 1 9 8 4 ) ,  F r i e d e r i c h  a n d  S m a r t  ( 1 9 8 2 ) ,  C ,  C .
S m a r t  ( I 9 8 4 a ,  I 9 8 4 b ) ,  H a l l b e r g  e t  a l .  ( 1 9 8 5 ) ,  Q u i n l a n  a n d  E w e r s
( 1 9 8 5 )  '  V a n d i k e  ( I 9 8 5 )  '  G u n n  ( 1 9 8 6 ) ,  a n d  m a n y  o t h e r s .  A  r e c e n t l y
p r o p o s e d  m a t h e m a t i c a l  t e c h n i q u e  f o r  a n a l y s i s  o f  t r a n s p o r t  o f
m a t e r  i a l  t h r o u g h  a n y  k  i n d  o f  n a  t u r a l  s y s t e m  e x a m  i n e s
r e s i d e n c e - t i m e  d i s t r i b u t i o t  s  a n d  c a n  r e l a t e  t r a c e r  s t u d i e s  t o
e m p i r i c a l  m o d e l s  ( B u f  f h a m ,  1 9 8 5 ;  d i s c u s s e d  b y  W o o d s ,  1 9 8 5  )  .
P e r h a p s ,  t h i s  t e c h n i q u e  a n d  o n e  p r o p o s e d  b y  R a t h o r  e t  a l .  (  f 9 B 5  )
c a n  b e  i : s e d  f o r  k a r s t  s t u d  i e s .

P R I N C I P L E S  W H I C H  I " l A X I I - , I I Z E  T H E  C O S T _ E F F I C I E N C Y ,  S U C C E S S ,
R E L I A B I L I T Y ,  A N D  U T I L I T Y  O F  D Y E - T R A C I N G  S T U D I E S

I  h a v e  h a d  m o r e  t h a n  t w e l v e  y e a r s  o f  e x p e r i e n c e  i n  r u n n i n g
a n d  d i r e c t i n g  h u n d r e d s  o f  d y e - t e s t s  i n  c a r b o n a t e  r o c k s .  T o m  A I e y
a n d  I  h a v e  h a d  m o r e  e x p e r i e n c e  i n  d o i n q  s o  t h a n  a n y o n e  e l s e  i n
b h e  U .  S . ,  b u t  w e  a r e  s t i l l  l e a r n i n g .  T h i s  e x p e r i e n c e  h a s  r a u g h t
u s  m u c h  a b o u t  h o w  t o  a n d  h o w  n o t  L o  r u n  , l y e  t e s t s  -  T h e  f  o l  I  o w i  n g
. l r e  s o r n e  o f  t h e  l e s s o n s  I ' v e  I e a r n e d  d o , i  t h e i r  a p p l i c a I i o n  : ?  t h e
s r u d y  o f  k a r s t  h y d r o i o g y -  T h e  p r i n c i p L r , : s  a r e  n o t  l i s t e d  l , )  a n . y /

e- \



pa r t  i cu l a r  o rde r  o f  s i gn i  f  i cance .

P R T N c T P L E  r .  D y e - t e s t s  s h o u r d  b e  d e s i g n e d a t  t h e r e  i s
a l w a y s  a  p o s i t i v e  r e s u l t  s o m e w h e r e .

D I S C U S S I O N :  N e g a t i v e  r e s u l t s  t o  a  m o n i t o r e d  s i t e  a r e  a l w a y s
g u e s t  i o n a b l e .  B u t  i  f  t h e y  a r e  a c c o m p a n  i e d  b y  s t r o n g i y
p o s i t i v e  r e s u l t s  t o  a n o t h e r  s i t e  t h e y  c a n  b e  c o n s i d e r e l
r e l  i a b l e  f o r  t h e  f l o w  c o n d  i  t i o n s  d u r i n g  t h e  t e s t  a n d  t h e y
c a n  b e  u s e d .  [ T h e  r e s u l t s  m i g h t  b e  d i f f e r e n t  w h e n  t h e  - f L o i
i  s  much  . l owe r  o r  h i ghe r  .  J AI  so  r  u r r  t  i  I  one  knows where  a
t r a c e r  h a s  g o n e  r  t h a t  t r a c e r  c a n  n o t  b e  u s e d  i n  t h e  s a m e
g r o u n d w a t e r  b a s i n  f o r  a  l o n g  t i m e .  I f  o n e  h a s  n o t  a c c o u n t e d
f o r  t h e  d y e  f r o m  t h e  f i  r s t  t e s t ,  a n d  i f  t h e  s a m e  d y e  i s  u s e d
f o r  a  s e c o n d  ,  t h i  r d  t  o r  e v e n  a  f o u r  t h  o r  f i  f t h  t e s t  ,  o n e
n e v e r  k n o w s  w h e t h e r  t h e  p o s i  t i v e  r e s u l t s  o f  a  g i v e n  t e s t  a r e
a  r e s u l  t  o f  d y e  i n j  e c t i o n  f r o m  t h e  f i  r s t  ,  s e c o n d  ,  f o u r  t h ,  o r
f  i  f  t h  t e s t .

P R I N C  f  P L E  2 .  A l w a y s  r u n
o p t  i c a l  b r  i g h t e n e r  .

b a c k g  r o u n d  t e s t  s b e f o r e  t r a c i n g  w i t h

D I S C U S S I O N :  T h i s  i s  a l w a y s  n e c e s s a r y  w i  t h  a n y  d y e  i f  t h e r e  i s  a
p o s s i b i l i t y  o f  l i t i g a t i o n  o v e r  i n t e r p r e t J t i o n  o f  ' t r a c e r  r e -
s u l t s ,  o r  i f  i t  i s  p o s s i b l e  t h a t  a n o t h e r  i n v e s t i g a t o r  m a y  b e
t r a c  i n g  i n  t h e  s a m e  a r e a  .  L i  t i g a t i o n  a s i d e ,  m a n y  k a r s t  a r e a s
h a v e  a  s l i g h t  t o  m o d e r a t e  b r i g h t e n e r  b a c k g r o u n d  b e c a u s e
b r i g h t e n e r s  a r e  i n  l a u n d r y  d e t e r g e n t s ;  I a u n d r y  b r a s t e w a t e r  i s
p a r t  o f  t h e  e f f l u e n t  f r o m  s e p t i c  t a n k s .  B r i g h t e n e r  c a n  s t i t l
b e  u s e d  ,  a n d  t h e  b a c k g  r o u n d  c a n  b e  o v e r r  i d d e n  ,  b u t  a  s t a n d a r d
f o r  c o m p a r i s o n  i s  n e e d e d .  I o n e  c a n  u s e  a n o m a l o u s l y  h i g h
b a c k g r ' o u n d  f o r  b r i g h t e n e r s  a s  a  p r o s p e c t i n g  g u i d e  t o  I o c a t i i g
e f f l u e n t  f r o m  s e w a g e  t r e a t m e n t  p l a n t s ,  s e w e r  I i n € S r  a n d
s e p t i c  f  i e l d  s y s t e m s  ( Q u i n I a n  a n d  R o w e ,  l 9 7 7 ;  A I e y ,  l 9 B 5 )  . l
D i r e c t  Y e l l o w  9 5  c a n  b e  i d e a l  f o r  u s e  i n  a r e a s  w h e r - e  t h e r e  i s
a  h i g h  b a c k g r o u n d  f o r  b r i g h t e n e r s .  R o u t i n e  q u a l  i t a t i v e  t e s t s
w i t h  o t h e r  d y e s  g e n e r a f l y  d o  n o t  r e q u i r e  b e t e r m i n a t i o n  o f
b a c k g r o u n d  b u t  q u a n t i t a t i v e  t e s t s  d o . I f .  t h e r e  i s  a
p o s s i b i t  i t y  t h a t  s o m e o n e  e l s e  m i g h t  h a v e  i n  j e c t e d  d y e
r e c e n t l y '  c h e c k  f o r  i t .  C a v e  e x p l o r e r s ,  f o r  e x a m p t a ,
s o m e t i m e s  r u n  t e s t s ,  g e n e r a l l y  w i t h  F l u o r e s c e i n .  S i m i I - i I y ,
i  f  y o u  k n o w  o f  s o m e o n e  w h o  m a y  b e  d o i n g  s o m e  t r a c i n g  i n  y o u r
a r e a  o f  i n t e r e s t ,  c h e c k  w i  t h  h i m .  T h e  c o u r t e s y  i s
a p p r e c i a t e d  a n d  m a y  b e  m u t u a l l y  b e n e f  i c i a l .  A I s o ,  h e  h i g f t t
h a v e ,  ( a n d  b e  w i l l  i n g  t o  s h a r e )  d a t a  t h a t  w i  l l  b e  u s e f u l  t o
y o u .  R e t u r n  t h e  f a v o r  .

P R I N C I P L E  3 .  G e n e r a I I y  s p e a k i n g ,  n e v e r  f o l l o w  a  q u a l  i t a t i v e  t e s t
t o  a  g i v e n  r e c o v e r y  p o i n t  w i t h  t h e  s a m e  d y e  i f  t h e  s e c o n d
t e s t  m i g h t  a l  s o  g o  t o  t h e  s a m e  r e c o v e r y  p o  i n t  u n l e s s  a
m a j o r  s t o r m  h a s  o c c u r r e d  a f t e r  t h e  f i r s t  L e s t  i s  o v e r  a n d
b e f o r e  t h e  s e c o n d  i s  s t a r t e d .

D I S C U S S I O N :  F o r  t r a c e s  t o  a  g i v e n  r e . r o v e r y  s i  t e  o n e  s h o u l d
a l w a y s  a l t e r n a L e  f r o m  o n e  d y e  t o  a n , > t h e r  u n l e s s  a  m a j o r
r a i n s t o r m  h a s  o c c u r r e d  .  T h i s  i s  b e r - . l u s e  a  r a i n  t h a t  o c c u r s
a f t e r  b h e  f i r s t  t e s t  m a y  f l u s h  c i y , . - l a d e n  w a t e r  w h i c h  w a s
l c c a l l y  l e f t  s t r a n d e d  r n  t h e  s y s t . ' m  ( e i t h e r  i n  p ( ) o l s  o r  a s
i r o a t i n g s  o n  p a : ; s a g e  w ' l l s )  ,  t l u s  r y i , r . n g  a  f a l s e l y  p o s i t i v e
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r e s u l t .  T h e  r a  i n  t h a t  o c c u r s  a f t e r  E h e  f i r s t  d y e - t e s t  m a y
a l s o  f l u s h  d y e  w h i c h  h a d  b e e n  t e m p o r a r i f y  s o r b e d  o n t o  c l a y s
a n d  l e f  t  " s t r a n d e d "  b y  r e c e d  i n g  f  l o o d w a t e r s ,  t h u s  a l s o  g i v i i r g
a  s e c o n d  m a x i m u m  i n  a  p l o t  o f  d y e - c o n c e n t r a t i o n  V S .  t i m e .  M y
p r e f e r e n c e  i s  t o  s w i  t c h  f r o m  a  d y e  r e c o v e r e d  o n  o n e  t y p e  o f
bug  to  a  dye  recovered  on  the  o ther  t ype .

P R I N C I P L E  4 .  I f  p o s s i b l e ,  a l w a y s  t r y  t o  r u n  t w o  t e s t s
s i m u l  t a n e o u s l y  t o  t h e  s a m e  p o s s i b l e  r e c o v e r y  s i  t e  o E -  t o
ad j  acen t  s j  tes  .

D I S C U S S I o N :  T h i s  d o u b l e s  p r o d u c t i v  i t y  a n d  c u t s  l a b o r  c o 6 t s  p e r
t e s t  t o  a P p r o x i m a t e l y  h a I f .  F o r  a  g i v e n  p o t e n t i a l  r e c o v e r y
s  i  t e  ,  and  depend  ing  upon  c  i  r cumstances  ,  one  shou ld  use  one
d y e  d e t e e t e d  o n  c h a r c o a l  a n d  a n o t h e r  d e t e c t e d  o n  c o t t o n .  F o r
e x a m p l e r  u s e  E l u o r e s c e i n  a n d  o p t i c a l  b r i g h t e n e r .  T h i s  c a n  b e
f o l l o w e d  b y  R h o d a m i n e  w T  a n d  D i r e c t  Y e I I o w  9 6 .  ( O f  c o u r s e
o n e  c a n  s t a r t  w i t h  F l u o r e s c e i n  a n d  D i r e c t  Y e l l o w  9 6  a n d
f o l l o w  i t  w i  t h  R h o d a m i n e  w T  a n d  T i n o p a l  5 B t ' {  G X  o r  p h o r w i  t e
B B H  P u r e  o r  A R  S o l u t  i o n .  )  I n  s o m e  a q u  i  f e r s ,  h o w e v e r  ,  w h e r e
d  i l u t i o n  ( a n d  p e r h a p s  a l s o  s o r p t i o n )  i s  h i g h ,  F l u o r e s c e i n  i s
t h e  o n l y  d y e  w h i c h  c a n  b e  u s e d  f o r  q u a l i t a t i v e  t e s t s ;
R h o d a m i n e  W T  c o u l d  b e  u s e d  f o r  q u a n t i t a t i v e  t e s t s .

P R I N C I P L E  5 .  Q u a I  i t a t i v e  d y e - t e s t s  g i v e  u s e f u l  r e s u l t s  m u c h  m o r e
r a p i d l y  a n d  c o s t - e f f i c i e n t l y  t h a n  q u a n t i t a t i v e  t e s t s ;  o f t € D r
t h e y  a r e  a l l  t h a t  i s  n e e d e d .

D I S C U S S I O N :  Q u a I  i t a t i v e  t e s t s ,  u s i n g  a c t i v a t e d  c o c o n u t  e h a r c o a l
a n d /  o r  s u r g  i c a l  c o t t o n  a s  d e t e c t o r s  c a n  b e  r u n  w i  t h  a
d e t e c t o r  c o s t  o f  l e s s  t h a n  $ 0 . 2 0  e a c h .  T h e  d e t e c t o r s  w o r k  2 4
h o u r s  . p e r  d a y  a n d  n e e d  t o  b e  c h a n g e d  o n l y  o n c e  o r  t w i c e  p e r
w e e k  -  ( O f  c o u r s e ,  s a m p l e s  c a n  b e  t a k e n  m u c h  m o r e  f r e q u e n t l y
i f  t h e r e  i s  a  n e e d  f o r  d o i n g  s o . )  A l t h o u g h  t h e  m a t e r i a l s
c o s t  i s  t r i v i a l ,  t h 9  p r e p a r a t i o n ,  s e t t i n g ,  c h a n g i n g ,  e l u t i o n ,
a n d  a n a l y s i s  o f  b u g s  i s  v e r y  l a b o r - i n t e n s i v e .  l ' l u c h  e x t r e m e l y
u s e f u l  i n f o r r n a t i o n  c a n  b e  g a i n e d  b y  u s i n g  g r a b - s a m p l e s  ( o r  a n
a u t o m a t i c  s a m p l e r  )  a n d  a  f l  u o  r o m e t e r  o r  a  s p e c  t r o  f I  u o r o m e t e r  .
F l u o r e s c e i n  i s  t h e  m o s t  p r a c t i c a l  d y e  t o  u s e  w i  t h  a c t i v a t e d
c h a r c o a l ;  R h o d a m i n e  w T  i s  n o t  r e c o m m e n d e d  f o r  g e n e r a l
q u a l  i t a t i v e  u s e .  E a c h  o f  t h e  o t h e r  t h r e e  d y e s  i s  s u i  t a b l e
f o r . q u a n t i t a t i v e  u s e ,  b u t  a c t i v a t e d  c h a r " o u l -  w i t l  n o t  g i v e
a c c u r a t e  q u a n t i t a t i v e  r e s u l t s  w i t h  a n y  o f  t h e m ,  O p t i c a l
b r i g h t e n e r  a n d  D i r e c t  Y e I l o w  9 6  w o r k  e q u a l l y  w e l l  w i t h  c o t t o n
d e t e c t o r s .

P R I N C I P L E  6 .  S e t  b u g s  a t  a l L  t h e  l i k e l y  p l a c e s  t o  w h i c h  d y e
m i g h t  f l o w ,  m a n y  o f  t h e  u n l  i k e l y  p l a c e s ,  a n d  a  f e w  o f  t h e
s t u p i d ,  i n c r e d i b l y  i m p o s s i b l e  p l a c e s .

D I S C U S S  I O N :  U s e  e n o u g h  d y e  t o  r e a c h  t h e  m o s t  d  i  s t a n t  o  f  t h e
a b o v e  p l a c e s -  D y e  i s  e x p e n s i v e ,  b u t  i t  i s  c h e a p  r e l a t i v e  t o
t h e  t i m e  a n d  I a b o r  c o s t s  n e c e s s a r y  t o  r e - r u n  a  t r a c e  w h i c h
i s n ' t  d o n e  p r o p e r l y  t h e  f i r s t  t i m e -  T h e  c o s t  o f  c h a r c o a l  a n d
c o t t o n  d e t e c t o r s  i s  n i i n i s c u l e .

P R I N C I P L E  7  "  D e l  i n e a t i o n  o f  a  g r o u n d w a L e r  b a s i n  b y  d y e - t r a c i n E
s h o u l d  g e n e r a l  I y  i n v o l v e  p a r t i a l  d e l  i n e a t - i o n  o f  i  t s
n e i g h b o r i n g  b a s l n s ,
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g e n e r a l l y  s e t  b u g s  i n  t h e  a d j a c e n t  g r o u n d w a t e r  b a s i n s .  B y
h a v i n g  m o s t  d y e  f l o w  t o  t h e m ,  b y  s i m u l t a n e o u s l y  e r o r k i n g
o p p o s i  t e  s i d e s  o f  t h e  b a s i n  t o  b e  d e l  i n e a t e d ,  a n d  b y
a l t e r n a t i n g  t h e  d y e s  u s e d ,  o n e  c a n  w o r k  m o r e  r a p i d l y  a n d
e f f i c e n t l y .  B o t h  s i d e s  o f  a  s u s p e c t e d  d i v i d e  s h o u l d  b e
t e s t e d  b y  t r a c  i n g  ,  b u t  t h e  c o n c e p t  o f  a n  i m a g  i n a r y  I  i n e  t h a  t
n e a t l y  s e p a r a t e s  o n e  b a s i n  f r o m  a n o t h e r  d o e s n ' t  a l w a y s  a p p l y
i n  k a r s t  t e r r a n e s .  I n  m o s t ,  d y e  w h i c h  i s  i n j e c t e d  n e a r - - t h e
c e n t e r  o f ' a  b a s i n  g o e s  t o  a  s p r i n g  o r  t o  a  d i s t r i b u t a r y  g r o u p
o f  s p r  i n g s .  B u t  i n  s o m e  t e r r a n e s ,  d y e  i n j  e c t e d  c I o s e .  t o  t h e
a s s u m e d  b o u n d a r y  b e t w e e n  t w o  b a s  i n s  f l  o w s  t o  e a c h  o f  t h e m .
S m a r t  ( L 9 7 7 1  h a s  s u g g e s t e d  t h a t ,  w h e n  i t  i s  d e s i r a b l e  t o
c o m p u t e  a  w a t e r  b a l a n c e ,  t h e  b a s i  n  b o u n d a r y  s h o u l d  b e  c h o s e n
s o  a s  t o  c o i n c i d e  w i t h  d y e - i n p u t s  i n  w h i c h  t h e  d y e  w a s
d i v i d e d  e v e n l y  b e t w e e n  t h e  s p r i n g s  o f  t w o  a d j a c e n t  b a s i n s .
T h e  " n e a t n e s s "  o f  b a s i n  b o u n d a r i e s  i s  a l s o  s h a t t e r e d  b y
r e s u l t s  i n  W e s t  V i r g i n i a  d e s c r i b e d  b y  J o n e s  ( 1 9 8 4 c ) .  D y e
f r o m  a  s i n k i n g  s t r e a m  f l o w s  a b o u t  a  * i f "  i n  2 4  h o u r s  t o  a
p a r t i c u l a r  s p r  i n g .  B u t  a  t o t a l  o f  o n l y  a b o u t  5 e  o f  t h e  d y e
g o e s  t h e r e ;  t h e  r e r n a  i n d e r  o f  t h e  d y e  w a s  r e c o v e r e d  a  m o n t h
I a t e r  a t  a  s p r  i n g  L 2  m i l e s  a w a y .  A I  t h o u g h  c a l c u l a t i o n  o f
b a s i n  a r e a  f o r  a  w a t e r  b a l a n c e  m a y  s e e m  l i k e  a n  i n t e r e s t i n g
b u t  m e r e l y  a c a d e m i c  e x e r c i s e ,  d e l i n e a t i o n  o f  t h e  b o u n d a r y ,
a n d  d e t e r m i n a t i o n  o f  w h e t h e r  i t  i s  f a z z y  o r  s h a r p ,  i s
e x t r e m e l y  p r a c t i c a l  a n d  n e c e s s a r y  i f  o n e  m u s t  r n o n i t o r  a  s i t e
o r  m a k e  a n  e m e r g e n c y  r e s p o n s e  t o  s p i l l a g e  o f  t o x i c  a g e n t s .
S u c h  a  d e t e r m i n a t i o n  c o u l d  o n l  y  b e  d o n e  i  f  s p r  i n g s  o u t s i d e
t h e  b a s i n  t o  b e  d e l i n e a t e d  w e r e  a l s o  b u g g e d .

P R I N C I  P L E  8 .  A l w a y S ,  a l w a y s ,  a l w a y s  r e p l a c e  o n e  s e t  o f  b u g s  w i  t h
a n o t h e r  ,  e v e n  i  f  y o u  a r e  s u r e  t h a t  t h e  t e s l -  i  s  o v e r  .

D I S C U S S I O N :  B u g s  a r e  c h e a p  r e l a t i v e  t o  l a b o r  c o s t s  a n d  t h e  r i s k
o f  I o s i n g  a  t e s t .  A I  s o ,  s i  t e s  s h o u l d  b e  r n o n i  t o r e d  u n t i  I  y o u
k n o w  t h e  d y e  i s  o u t  o f  t h e  s y s t e m .  M e a n w h i l e ,  t h e  d y *  m a y
a l s o  s h o w  u p  e l s e w h e r e  i n  e i t h e r  d i s t r i b u t a r y  f l o w  o r  r a d i a l
f I o w .

P R I N C I P L E  9 .  B e  p a r a n o i d  a b o u t  t h e  p o s s i b i l  i t y  o f  c o n t a m i n a t i o n
o f  s a m p l e s ,  t a m p e r  i t g  ,  o r  r e m o v a l  o f  b u g s  b y  p e o p l  e  c u r  i o u s
a s  t o  w h a t  t h e y  a r e .

D I S C U S S I O N :  C o n t a m i n a t i o n  h a p p e n s ,  s o m e t i m e s  i n  t h e  s t r a n g e s t
b r a y s  .  A n t i c  i p -  t i o n  o f  i  t s  p o s s i b  i l  i  t y  i  s  t h e  k e y  t o  i t s  p r e -
v e n t i o n .  R e c o g n i t i o n  o f  p o s s i b l e  t a m p e r i n g  i s  m a d e  e a s i e r
i f :  f )  e x t r a ,  w e l l - h i d d e n  b u g s  a r e  s e t ,  2 )  t h e  d y e  ( o r  d y e s )
u s e d  a n d  t h e  b u g g e d  I o c a t i o n s  a r e  k e p t  s e c r e t  u n t i l  t h e  t e s t
i s  o v e r ,  3 )  c o n t r o l  b u g s  a r e  s e t  u p s t r e a m  f r o m  t r  i b u t a r y
j u . c t i o n s ,  a n d  4  )  o p t i c a l  b r  i q h t e n e r  i s  s c c r e t l y  u s e c l  w i t h ,
f  o r  e x a m p l e ,  F l u o r e s c e i n ,  d S  a  c i - i e c k .  A I s o ,  c a r e f  u l
m o n i t o r i n g  o f  t h e  t i m i n g ,  l o c a L i o n ,  a n d  d y e - c o n c e n t r a t i o n  o f
t h e  p o s i t i v e  r e s u l t s  w i  I I  C e t e c L  t a r n p e r r n c i  b y  a I I  b u t - -  t h e
n r o s t  s k i l l f u l  a t t e m p t  a L  m a n r p r r l a t i o n  o f  t - h e .  t - e s t  r e s u L t s .  I
m l - n l m L z e  l o s s  o f  b r r c t s  b y  ' : s i n c j  3 , i 1 6 "  , l o i C l n e  c c  r d  r ) i l

D I S C U S S I O N :  T h i s  i s

g u m d r o p s ; ;  i t  " b l e n d s "  w i t h  r l r r t -
c o r d -  S o m e t - i r n e s  . r  m o n o I r l a i n e n t  f i
t h e r e  i  s  a n y  p c s s  i b  i  l  i  t - y  c t  p u b l  i c

i  : : " , r e n  r l r i r  d

: , ; i r  i n g  I  i r : c

r  t  o n  f - o  ( l f  r l , v
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h i ke rs  ,  f i she rmen ,  e t c .  )  ,  i t  i s  necessa ry  t o  se t  an  ex t ra  bugo r  two  a t  each  s i t e .  Tom A tey  has  had  ex tens i ve  expe r i ence
w i  t h  s tee l  " chaney  p ins "  wh  f ch  a re  d r  i ven  i n to  a  s t ream
bo t tom and  used  f o r  ho ld i ng  bugs  w i t hou t  t he  a i d  o f  t e l l t a l e
co rds .  r f  necessa ry ,  when  c ! "ney  p i ns  a re  bu r i ed  by
a I  I  uv i  um '  they can be recover ed wf t t r  the a id of  a meta I
de tec to r .  The  use  o f  l a rn ina ted  tags  l i ke  the  one  shown  in
F igu re  2  i s  e f f ec t i ve ,

P R I  N C  I  P L E  I 0  .  I  f  y o u  h a v e
f l o w  c o n d i t i o n s ,  w h i l e

D I S C U S S I O N :  D i l u t i o n  w i l l
w i I l  b e  a v e r a g e .  T h i s
P r i n c i p l e  l l .

a  c h o i c e ,  i n j e c t  d y e  d u r i n g  m o d e r a t e
s t r e a m f l o w  i s  i n  r e c e s s i o n .

p r o b a b l y  b e  m  i n  i m a l  a n d  f I  o w  t i m e s
i s  t h e  o p t i m u m  t i m e  f o r  t r a c i n g .  S e e

when
bo  th
m a n y

PRINC I  PLE I I .  A l  t hough  the  f i  r s t  dye - tes ts  shou ld  be  run
cond i t i ons  seem op t imum,  they  Jhourd  a l so  be  run  a t
I ow- f l ow  cond i t i ons  an , c  h i g t - f t ow  cond i t i ons  i n
s i t ua t i ons ,  bu t  no t  a l l .  

- J - -

D I S C U S S  I o N :  F l o w - r o u t e s  t h a t  f u n c t i o n  o n l y  d u r  i n g  m o d e r a t e -  a n d
f l o o d - f l o w  c o n d i t i _ o n s  m a y  d i v e r t  s o m e  o f  t h e  w a t e r  t o  s p r i n g s
i n  a d j a c - e n t  g r o u n d w a t e r  b a s i n s .  D u r i n g  s u c h  c o n d i t i o n s  d y e
( o r  l e a c h a t e  f r o m  a  s i t e )  c a n  g o  t o  s p r i n g s  w h i c h  i t  d o e s  n o t
r e a c h  d u r  i n g  l o w  f  l o w .  r n  t h e  M a m r n o L h  C a v e  R e g  i o n  t h e  f  l o w
t i m e  b e t w e e n  t w o  p o i n t s  a b o u t  5  m i l e s  a p a r t  ( p a r k e r  C a v e  a n d
M i  I  I  H o l e )  r a n g e s  f r o m  1 8  d a y s  t o  l e s s  t h a n  2 4  h o u r s .  T h e
a v e r a g e  f l o w  t i m e  i s  3  t o  5  d a y s .

P R I N C I P L E  L 2 .  D o  n o t  u s e  a  d y e  u n l e s s  y o u  k n o w  w h a t  i t  i s .
D I S C U S S I o N : '  T h e r e  a r e  m a n y  d y e s  s o l d  a s  " l e a k - t r a c e r s "  w h i c h  a r e

c a r c i n o g e n i c ,  m u t a g e n i c ,  e t c .  T h e  c o m p a n i e s  s e l l i n g  t h e m
d i s c l a i m  r e s p o n : i b i l  i t y  f o r  t h e i r  u s e ,  b u t  y o u  c a n ,  t
m o r a l l y  o r  l e g a f l y .  S e e  t h e  t o x i c i t y  r e v i e w  b y  S m a r t  ( 1 9 8 4 ) .
r n  b r i e f  ,  F l u o r e s c d i n ,  R h o d a m i n e  w T ;  a n d  o p L i i a l  b r i g h t e n e r s
a r e  t h e  s a f e s t  d y e s  t o  u s e .  A v a i l a b l e  d a t a  f o r  D i r " . L  y e r l o w
9 6  d o e s  n o t  s u g g e s t  a n y  p r o b l e m s  w i  t h  i t s  u s e  b u t  i t  h a s  n o t
b e e n  t e s t e d  f o r  r n u t a g e n i c i t y .  R h o d a r n i n e  B  i s  a  k n o w n
c a r c i n o g e n  a n d  p o s s i b t e  m u t a g e n ;  i t  s h o u l d  n e v e r  b e  u s e d
u n l e s s  y o u  c a n  g i v e  a  r i g o r o u s  j u s t i f i c a t i o n  f o r  u s i n g  i t
r a t h e r  t h a n  a  d i f f e r e n t  d y e .  r t  s h o u l d  b e  s t r e s s e d ,  h o w e v e r ,
t h a  t  t h e  t o x  i c  i  t y  o f  n h o d  a m  i n e  B  h a  s  b e e n  s h o w n  t o  b e  d u e  t o
i m p u r  i t i e s  ( d i l u e n t s )  w i  t h i n  s o m e  b a t c h e s  o f  t e c h n i c a l  g r a d e s
o f  t h e  d y e ,  n o t  t h e  d y e  i t s e l f  ( S m a r t ,  1 9 B 4 ) .  A c c o r d i n g  t o
s m a r t ;  n o  w a t e r - t r a c i r i g  d y e  i s  a c u t e l y  r , a z a r d o u s  b e c a u s e  o f
s h o r  t  e x p o s u r e s  t o  t h e  l o c a l  I  y  v e r y  n i g h  c o n c e n  t r a  t  i  o n s  o f  i  t
w h i c h  c a n  b r i e f l y  o c c u r  w h e i e  d v "  i s  i n j e c t e d .  A  c o n c e n -
t r a t i o n  o f  I  p p m  f o r  4 B  h o u r s  c a n  b e  

" n a u r e d  
b y  t h e  m o r e

s e n s i t i v e  o r g a n i s m s .

P R I N C I P L E  1 3 .  A l w a y s  s e t  b u g s  b e f o r e  y o u  h a n d l e  o r  d u m p  d y e .
D r s c u s s r o N :  T h i s  l e s s e n s  t h e  p r o b a b i l i t y  o f  c o n t a m i ' n a t r o n  o f

b u g s .  A l s o ,  c a r r y  t h e  d y e  c o n t a i n e r s  i n  p l a s t i c  b a g s  a n d  i n
a  s e p a r a t e  p a r t  o f  y o u r  v e h i c l e  ( s u c h  a s  i n  t h e  t r u n k  o r  r n
t h e  b a c k  o f  a  p i c k u p  t r u c k ) .  I f  y o u  a r e  w o r k i n g  b y  y o u r s e l f
a n d  m u s t  I o a d  y o u r  d y e  a f t e r  m a k i n g  u p  t h e  U u q J  a i . l  I o a d i n g

^  t h e m ,  w a s h  y o u r  h a n d s  a n d  i n s p e c t  t h e m  u n d e r  a n  u l , : r a v i o l e L
- - $ - - ,  I a m p  r  f  t e r  y o u  l o a d  t h e  < i y e .  I  I  d o n '  t  r e c a l  I  i r o w  r n , r : r y  t i m e s

\



V
we have  bad  to  decon tamina te  spo ts  o f  op t i ca l  b r i gh tene r  

" "  
$

the  s tee r ing  whee l  o f  a  p i ckup  t ruck .  xeep  rubb ing  i t  w i th  
t

co t ton  swabs  un t i l  no  more  b r i gh tene r  t rans fe rs  to  co t ton . l
I dea l l y ,  two  peop le  and  d i f f e ren t  veh i c les  cou ld  be  used ,  bu t
th i s  i s  no t  necessa ry .  Be  ca re fu l ,  ve ry  ca re fu l .

PR INCIPLE  14 .  I f  t he re  a re  enough  access ib l e  we l l s ,  i f  t he re  i s
no  pe rched  wa te r  above  the  ma in  wa te r  nass ,  and  i f  p ro jec t
needs  can  j us t i f y  and  a f fo rd  i t ,  make  a  map  o f  ; t he
po ten t i on te t r i c  su r face ,  p re fe rab l y  be fo re  dye - t rac ing  i s
s ta r ted  o r  comp le ted .

D ISCUSSION:  The  map  can  pay  fo r  i t se l f ,  many  t imes  ove r .  I t  i s  a
use fu l  supp lemen t  wh ich  can  g rea t l y  a id  dec i s ion -mak ing  i n
des ign ing  dye - tes ts  and  i t  can  g rea t l y  dec rease  the  number  o f
tes ts  o the rw ise  needed .  Such  a  map  can  be  a lmos t  use less ,
however ,  i f  t he re  a re  no t  enough  we l l s  t o  a l l ow  re l i ab le
con tou r ing .  o r  i f  t he re  a re  s i l t s tones  o r  sha les  w i th in  the

. carbonate sect ion; they tend to perch the water and make the
da ta  m is lead ing  and  d i f f i cu l t  t o  i n te rp re t .

PRINCIPLE l -5 .  Know you r  dye .
D ISCUSSION:  p lay  w i th  i t  i n  t he  o f f i ce  o r  l abo ra to ry ,  be fo re  you

s ta r t  runn ing  tes ts  fo r  t he  f i r sE  E ime .  Make  up  a
F luo resce in  so lu t i on  tha t  i s  app rox ima te l y  I  ppm by  m ix ing  I
g ram o f  dye  i n  1000  m l  o f  wa te r  and  d i l u te  i t  t o  L  ppm.  pou r
approx ima te l y  500  m. I  o f  - t h i s  I  ppm so lu t i on  th roug l i  a  bug  a r
such  a  ra te  tha t  i t  t akes  abou t  f 5  t6  20  seco r r -ds  to  pass
th rough  t he  bug .  (A I t e rna t i ve l y ,  and  w i t h  a  pa i r  o f  t ongs ,
sw ish  a  bug  th rough  abou t  500  mI  o f  t he  I  pp r i  so lu t i on  fo r
seve ra l  m inu tes . )  R inse  the  bug  i n  c lean  tap  $ ra te r  f o r  abou t
a  m inu te  and  e l u te . -  you  sbou ld  ge t  a  ve ry  s t r ong l y  pos i t i ve
resu l t .  Repea t ,  us i ng  500  t o  I 000  m l  o f  0 .1 ,  0 .0 I ,  anO O-OOf
ppm so lu t i ons .  Resu l t s  f rom these  e lu t i ons  a re  on l v  semi_
quan t i t a t i ve ,  pa r t l y  because  no t  a l  I  o f  t he  dye  r ^ l ; . f  f  be
re leased  f rom the  cha rcoa l  .  Bu t  i t  w i l l  g i ve  yo , i  a  f ee l i ng
fo r  how to  e lu te  and  how t .o  recogn ize  F ' l uo res -ce in .  uav ing
run  t h i s  se r i es  o f  t es t s ,  Leave  a  ' , backg round , ,  bug  i n  a
s t ream fo r  a  week  and  run  the  same se r ies  o f  t es t s  on  the
e lu tan t  f rom i t  h rhen  you  repea t  t he  above  se r ies  on  a  I  ppm
so lu t i on  o f  F l uo resce in .  Compare  t he  resu l t s .

A s  w i  t h  r o v e - m a k i . g ,  t h e r e  i s  o n r y  s o  m u c h  y o u
t h e  p r  i n t e d  w o r d  .  T h e r e  i s  n o  s u b s t  i  t u t e  f o r
e x p e r i m e ' n t a t i 6 n .

A C  K N O W L E D G E M  E N T S

c a n  l e a r n  f r o m
e x p e r  i e n c e  o r

T h e  c o n s t r u c  t i v e
R r c h a r d  S m i t h  i n  r e v
c :  L a  t e d .

c r i t i c i s m
l e w r  n 9 p r e l

o f
i m

T o m  A l e y ,  P e t e  S m a r t ,  a n c l  A .
i n a r y  d r a f t s  i s  g r e a t l y  a p p r e -
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J o n e s ,  W .  K .  1 9 8 4 c  I I 9 8 5 J .  A n a l y s i s  a n d  i n t e r p r e t a t i o n  o f  d a t a

f r o m  t r a c e r  t e s t s  i n  k a r s t  a r e a s .  N S S  B u l l e t i n  -  V .  4 6 ,  n o .
2 ,  p .  4 I - 4 7 .

L a n g  ,  H .  ,  C .  L i e b u n d g u t  ,  a n d  E .  F e s t e l  .  1 9 7  9 .  R e s u l t s  f r o m
t r a c e r  e x p e r  i m e n t s  o n  t h e  w a  t e r  f l o w  t h r o u g h  t h e  A l e t s c h -
g l e t s c h e r  .  Z e i t s c h r  i  f t  f u r  G l e t s c h e r k u n d e  u n d  G I a  z i a l g e o l -
o g i e .  v .  1 5 ,  p .  2 0 9 - 2 1 8 .

L y m a n ,  E .  L . s  J .  S c h u l t z e ,  C .  R .  G a r . z ,  P .  S .  S t e n s b y ,  M . - - L .
K e p I  i n g e r ' ,  a n d  J .  C .  C a I e n d r a .  I 9 7 5 .  L o n g - t e r m  t o x  i c i t y  o f
f o u r  f l u o r e s c e n t  b r i g h t e n i n g  a g e n t s .  F o o d  a n d  C o s m e t i c
T o x  i c o l o g y .  V .  1 3 ,  p .  5 2 L - 5 2 7  .

Q u i n l a n ,  J .  F . ;  1 9 8 5 .  D i s c u s s i o n  o f  I ' G R O U N D  W A T E R  T R A C E R S T T  b y
D a v i s  e t  a I .  ( 1 9 8 5 ) ,  w i t h  e m p h a s i s  o n  d y e - t r a c i o g r  e s p e c i a l l y
i n  k a r s t  E r r a n e s :  G r o u n d  W a t e r  .  v  .  2 4  ,  n o .  2 ,  p .  2 5 3 - 2 5 9
a n d  n o .  3 ,  p .  3 9 5 - 3 9 7 .  I R e p l y :  p .  3 9 8 - 3 9 9 1

Q u i n l a n t  J -  F . 7  a n d  R .  O .  E w e r s .  1 9 8 5 .  G r o u n d w a t e r  f l o w  i n
.  I  i m e s t o n e  t e r r a n e s  3  S t r a t e g y  r a t i o n a l e  a n d  p r o c e d u r e  f o r

r e l i a b l e ,  e f f i c i e n t  m o n i t o r i n g  o f  g r o u n d  w a t e r  q u a l i t y  i n
k a r s t  a r e a s .  N a t i o n a l  S y m p o s i u m  a n d  E x p o s i  t i o n  o n  A q u  i  f e r
R e s t o r a t i o n  a n d  G r o u n d  W a t e r  M o n i t o r i n g  ( 5 t h ,  C o l u m b u s )  ,
P r o c e e d i n g s .  p .  1 9 7 - 2 3 4 .

Q u i n I a n ,  J .  F .  ,  a n d  D .  R .  R o w e .  1 9 7 7 .  H y d r o l o g y  a n d  w a t e r
q u a l  i  t y  i n  t h e  C e n t r a l  K e n t u c k y  K a r s t  :  P h a s e  I  .  U n i v e r s i  t y
o  f  K e n t u c k y  ,  W a  t e r  R e s o u r c e s  R e s e a r c h  I n s t  i  t u t e  ,  R e s e a r c h
R e p o r t  n o .  I 0 l .  9 3  p .

R a  t h o r  ,  M .  N .  ,  L .  G .  G i b i l a t o  t  a n d  B .  A .  B u f f m a n  .  1 9 8 5 .  T h e
h o p p i n g  m o d e l  f o r  r e s i d e n c e  t i m e  d i s t r  i b u t i o n s  o f  s y s t e m s
w i t h  s p l i t t i n g  a n d  m e r g i n g  s t r e a m s .  A r n e r i c a n  I n s t i t u t e  o f
C h e m i c a l  E n g i n e e r s ,  J o u r n a l .  v .  3 I ,  p .  3 2 7 - 3 2 9 .

S D C  &  A A T C C  I S o c  i e t y  o f  D y e r  s  &  C o I o u r  i s t s  a n d  A m e r  i c a n  A s s o c -
i a t i o n  o f  T e x t i l e  C h e m i s t s l .  I 9 7 f - 1 9 8 2 -  C o I o u r  I n d e x ,  3 r d
e d .  S D C  &  A A T C C ,  B r a d f o r d .  7  v .  5 4 6 0  p .

S m a r t ,  C .  C .  l 9 B 3 a .  H y d r o l o g y  o f  a  g l a c i e r i z e d  a l p i n e  k a r s t
C a s t l e g u a r d  M o u n t a i n s ,  A I b e r t a .  P h .  D .  d i s s e r t a t i o n  ( G e o g r a -
p h y ) ,  M c M a s t e r  U n i v e r s i t y .  3 4 3  p .

S m a r  t ,  C .  C .  l 9 B 3 b .  H y d r o l o g y  o f  t h e  C a s t l e g u a r d  k a r s t ,  C o l u m b i a
I c e f i e l d s ,  A I b e r t a ,  C a n a d a .  A r c t i c  a n d  A l p i n e  R e s e a r c h .  v .
I  5 ,  p .  4 7 L - 4  8 6 .

S m a r  t ,  q .  C .  I 9 B 4 a .  G I a c  i e r  h y d r o l o g y  a n d  t h e  p o t e n t i a l  f c r
s u b g  I a c i a l  k a r s t i  f i c a t i o n .  N o r s k  g e o g r a f i  s k e  T i d s k r  i  f t  .  V  -
3 8 ,  p .  I 5 7 - 1 6 1 .

S m a r t ,  C .  C -  I 9 B 4 b .  O v e r f  I o w  s e d i m e n t a t i o n  i n  a n  a l p i n e  c a v e
s y s t e m .  N o r s k  g e o g r a f i s k e  T i d s k r i f t .  v . 3 8 ,  p .  I 7 l - 1 7 5 .

S m a r  t ,  C .  C .  ,  a n d  D .  C .  F o r d .  1 9 8 2 .  Q u a n t i  t a t i v e  d y e  t r a c i n g  i n
a  g l a c i e r i  z e d  a l p i n e  k a r s t .  g e i t r a e g e  z a y  G e o l o g i e  d e r
S c h w e i z  H y d r o l o g i e .  v .  2 8 ,  p t .  l ,  p .  I 9 I - 2 0 0 .

S m a r t ,  P .  L ,  L 9 1 2 .  A  I a b o r a t o r y  e v a l u a t i o n  o f  t h e  u s e  o f
a c  L i  v a t e d  c a r b o n  f o r  t h e  d e t e c t i o n  o f  t h e  t r a c e r  d y e
R h o t i a m i n e  W T .  M . S .  t h e s i s  ( G e o g r a p h y )  ,  U n i v e r s i  t y  o f

S m a r
A l b e r t a .  t B B  p .
L ,  P .  L .  L 9 7 1 ,  C a t c h m e n ' -  d e l  i m i n a t i o n  i n  k a r s t  a r e a s  b y  t h e
r , r s t :  o f  q u a n t i t , a t i v e  t r a c e r  r n e r t h o d s .  I n t e r n a t i o n s l  S y m p o s i u r n
o r )  t J n d e r g r o u n d  W a t e r  T r  " r i n , . t  

( 3 r d ,  L , l  u b l - 1  a n a - B l e d ,  L 9 ' / 6 )  ,
[ ] ' , ' i i . . r r s .  v .  2 ,  p "  2 9 L - 1 9 E .-l
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f l u o r e s c e n t  d y e s  u s e d  f o r  w a t e r
4 6 ,  n o .  2 ,  p .  Z l - 3 3 .

t r a c  i n g  .  N S S  B u l I e t i n .  v .

S m a r t ,  P .  L . ,  T .  C .  A t k i n s o n ,  I .  M .  S .  L a i d I a w . 1 4 .  D .  N e w s o f l r  a n d
S .  T .  T r u d g i l I .  1 9 8 6 .  C o m p a r i s o n  o f  t h e  r e s u l t s  o f  q u a n t i -
t a t i v e  a n d  n o n - q u a n t i t a t i v e  t r a c e r  t e s t s  f o r  d e t e r m i n a t i o n  o f
k a r s t  c o n d u i  t  n e t w o r k s :  a n  e x a m p l e  f r o m  t h e  T r a l  i g  i I l  b a s i n ,
S c o t l a n d :  E a r t h  S u r f a c e  P r o c e s s e s  a n d  L a n d f o r m s .  V ,  l I ,  p .
2 4 9 - 2 6 L .

S m a r t  r  P .  L .  ,  a n d  M .  C .  B r o w n .  1 9 7 3 .  T h e  u s e  o f  a c t i v a t e d
c a r b o n  f o r  t h e  d e t e c t i o n  o f  t h e  t r a c e r  d y e  R h o d a m i n e  W T .
I n t e r n a t i ' o n a I  S p e I e o l o g  i c a l  C o n g r e s s  ( 5 t h ,  O l o m o u c  ,  . C z e c h o -
s l o v a k i a ) ,  P r o c e e d i n g s .  v .  4 ,  p .  Z g 5 - Z g Z .

S m a x L ,  P .  L .  ,  a n d  H .  F r  i e d e r  i c h .  L 9 8 2 .  A n  a s s e s s m e n t  o f  t h e
m e t h o d s  a n d  r e s u l t s  o f  w a t e r - t r a c i n g  e x p e r  i m e n t s  i n  t h e
G u n u n g  M u I u  N a t i o n a l  P a r k ,  S a r a w a k .  g r i t i s h  C a v e  R e s e a r c h
A s s o c i a t i o n ,  T r a n s a c t i o n s .  V  .  9 ,  p .  I 0 0 - I l Z .

S m a x t ,  P .  L . ,  a n d  P .  H o d g € .  1 9 8 0 .  D e t e r m i n a t i o n  o f  t h e
c h a r a c t e r  o f  t h e  L o n g w o o d  s i n k s  t o  C h e d d a r  r e s u r g e n c e  c o n d u i  t
u s i n g  a n  a r t i f i c i a l  p u l s e  w a v e .  B r i t i s h  C a v e  R e s e a r c h
A s s o c i a t i o r t r  T r a n s a c t i o n s .  V .  7 ,  p .  Z 0 B - 2 1 I .

S m a E  t ,  P .  L .  ,  a n d  f  .  M .  S .  L a  i d l a w .  1 9 7 7  .  A n  e v a l u a t i o n  o f  s o m e
f l u o r e s c e n t  d y e s  f o r  w a t e r  t r a c e r s .
R e s e a r c h .  v .  I 3 ,  p .  l 5 - 3 3 .

S m  i t h ,  D .  r  .  L 9 7 7 .  A p p I  i e d  g e o m o r p h o l o g y  a n d  h y d r o l o g y  o f  k a r s t
r e g i o n s ,  i n  H a i r s ,  J .  R . ,  e d .  A p p l i e d  G e o m o r p h o l o g y .  E r s e -
v i e r ,  A m s t e r d a m / N e w  Y o r k .  p .  8 5 - I 1 8 .

V a n d i k e ,  J .  E .  1 9 8 5 .  l ' l o v e m e n t  o f  s h a l l o w

W a t e r  R e s o u r c e s

g  r o u n d w a  t e r  i n  t h e
M i s s o u r i  G e o l o g i c a l
53  p .

masses  i n  r eg  i ons  o f

P e r r y v i l l e  a r e a  r  s o u t h e a s t e r n  M i s s o u r  i .
S u r v e y ,  M i s c e l l a n e o u s  p u b l i c a t i o n  n o .  4 .

W o o d s ,  J .  1 9 8 5 .  R e s i d e n c e  t i m e s  o f  w a t e r
t h e  o c e a n .  N a t u r e .  v -  3 1 4 ,  p .  5 7 9 - 5 7 9 .
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A REVIEW OF THE TOXICITY OF TWELVE
FLUORESCENT DYES USED FOR

WATER TRACING
P.  L .  Suenr

Department of Geography
University of Bristol

Bristol BSB /SS
England

Toxicologicol information is reviewed for twelve fluorescent dyes used in water tracing, Fluorescent
Brightener 28, Tinopal CBS-X, Amino G Acid, Diphenyl Brilliont Flavine 7GFF, Pyranine, Lissamine
Yellow FF, Fluorescein, Eosine, Rhodamine WT, Rhodamin€ B, Sulphorhodamine B and
Sulphorhodamine C. Mommalian tests indicate a low level of both acute and chronic toxicity.
However, only three trocers could be demonstrated not to provide o corcinogenic or mutagenic hazard.
These were Tinopal CBS-X, Fluorescein and Rhodamine WT. Rhodomine B b a known carcinogen ond
should not be wed. In aquotic ecosyslems, larvol stoges ol shellfrsh ond algae were the most sensitive.
Percistent dye concentrotions in tracer studies shoutd not cause problems provided they are below I0O
pg/1.

IurnooucrroN

Fluorescent dyes have been widely employed in the tracing
of water because of their high detectabil ity. There is, how-
ever,  increasing concern on the ef fects of  chemicals in-
troduced into natural waters. This prompted a previous
review of  the toxic i ty of  f luorescenr dye tracers (Smarr,
1982).  This paper updates the ear l ier  work and also in-
corporates material not previously included due to l imita-
t ions on space. Informat ion is provided on the l2 f luores-
cent dyes l is ted in Table l .  The chemical  structures of  these
dyes are given in Figure l .  Dyes for which the exact struc-
tural  formula is not known, such as Cl  Fluorescent Br ight-
ener 15, are not included. In order to update th is dara base, I
would appreciate receiv ing detai ls of  any toxicological  infor-
mat ion which has not been included, or which has become
avai lable s ince publ icat ion.

Before examining the data,  i r  is  important to remember
that di f ferences in test  protocols and methods, in test
species,  route of  administrat ion and dose, al l  make com-
par ison of  toxic i ty data f rom di f ferent studies di f f icul t .  Fur-
rhermore ,  the  s tandard  o f  tox ic i t y  tes ts  has  improved w i rh
r . rme,  and some o f  the  ear l ie r  s tud ies  may fo l low pro toco ls
no longer acceptable in modern toxicology. A more di f f icul t
p r o b l e m  i s  t h a t  t h e  t o x i c i t y  o f  d y e s  m a y  w e l l  v a r y  w i t h
r n a n u f e c t u r e r ,  o r  e v e n  t h e  b a t c h  o f  d y e  t e s t e d ,  d u e  t o  t h e
p r e s e n c e  o f  i m p u r i t i e s .  l n  t h e  c a s e  o f  b i o l o g i c a l  s r a r n s ,  f o r
: { r s t a n c e ,  M a r s h a l l  a n d  l - e w i s  ( 1 9 7 4 )  h a v e  s h o w n  t t r a t  r n a n _ y -
, u b s t r r r r c e s  o t h e r  t h a n  t h e  s t a t e d  d y e  c a n  b e  p r e s e n r .  T h r s  h a s
i r c e n  e o n f i r m e d  [ o r  s e v e r a l  o i ' t h e  d y e s  d i s c u s s e d  i n  t h i s

Trble l. Colour indcx (3rd ed.) designrtions, dyc typc rnd

U,Utiog."phi""l 
"t

Nrmc Cl Numbcr llyc Typc Code

Calcophor Whitc ST
Cl Fluorescent
Erightener

Tinopal  CBS-X
Cl Fluorescent
Br ightener

Amino  C  Ac id
Diphenyl  Br i l l iant

Flavine TCFF
Pvranine
Lissamine Yel low FF CI 56205 Aminokctonc LYFF
Fluorescein Sodium Cl 45350 Xanthene FL

Eosine Sodium
Rhodamine WT'

Rhodaminc B

28 Stilbene derivative FB28

351 Sulphostyry l  der ivat ive FB35l
Dye intermediate ACA

DY 96 Stilbene derivative DYft;
CI 59O4O Pyrene P

Cl 45380 Xanthene E
Xanthene RWT

Ct 45170 Xanthene RB
Sulphorhodamine B CI 45100 Xanthene SRB
Sutpt 

"rnoA"rnin.'Acid Red 188

paper by Lutty ( I 978) and Nestman et al. ( I 979J, who quote
purit ies as iow as 7590. The presence of impurit ies explains
why some workers reported Rhodamine B to be mutagenic
in the Satrnoneila typhum-mammalian microsome [est,
whi le the p.rure dye was demonstrated to be non-rnutagenic
(Nestman et  a l . .  1979).  There are also di f ferences in the con-
centrat ion , ' f  commercial  dyestuf fs due to incorporat ior t  of
addi t ives,  ' . " i r ich rnakes comparison cl f  d i f ferent proclucts
d i f f i cu l t .  h l r , r  a t t r : rnp t  had been made in  th is  rev iew to  dea i

Ep-aq
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.  ; 'h the;e problems, but referral  back to the or ig inal  source
- iten clarify these points. There are clearly advantages' 

:sing a product for which ahazard data sheet detail ing
iuxicity information is available from the manufacturer.

The paper is div ided into three sect ions,  corresponding to
the three main toxicological  areas of  concern in using tracer
dyes. First ,  the toxic i ty of  dyes in mammal systems is dis-
cussed in order to assess the acute and chronic effects of dye
ingest ion in man, and the possible hazards associated with
handl ing the dyes. The second sect ion reviews the data on
carcinogenic i ty and mutagenic i ty,  hazards which may be
caused by long-term low-level  exposure.  Final ly,  the possi-
b le  tox ic i ty  o f  t racers  in t roduced in to  aquar ic  ecosys tems is
d iscussed.  The tox ic i ty  c r i re r ia  and measures  inc luded in  the

22 'Txe l . lSS Bul l -Enx,  Ocrosen 1984
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surnmary tables have been selected to pcrmit  wide compari-
sorrs of  a l l  the dyes. Where several  sources of  informat ion
are available, these have been checked for conformity and
the most toxic result recorded. The tables provide a sum-
mary only,  and reference should also be made to the or ig inal
sources from which the information has been abstracted.
These sources are coded according to the numbers given in
the bibl iography.

Toxtcrrv ru Merruels

Of the acute lethal data reported (Table 2), the LD50
(Lethal Dose-50) value for oral administration is the best
general indication of dye toxicity. Although the maximum
experimental values for Eosine and Rhodamine B are lower
than desirable,  the LD50 for al l  twelve days is very high.
None of  the dyes would be regarded as toxic using this
cr i ter ion,  the corresponding value for common sal t  being I
to l0 g/kg.  The intravenous and intraper i toneal  administra-
t ion routes provide a test  of  the most severe s i tuat ion,  where
there is no barrier to movement of dyes from the gut into the
body. There is again no indication of substantial toxicity,
and Lutty (1978) concluded that Pyranine, Lissamine
Yellow FF, Eosine and Rhodamine WT, could be safely
used for angiography in the human eye. Fluorescein is al-
ready widely used for this purpose.

Civen the higher intraperitoneal toxicity of Rhodamine B
compared to the other tracer dyes (Table 2), the more severe
effects observed for this dye in both acute and chronic oral
studies suggest that it is readily adsorbed in the gut. This is
confirmed by metabolic studies (Table 3). The two optical
brighteners, Fluorescein and Eosine are adsorbed to only a
limited extent, but information is not available for the other
tracer dyes. Eosine is discharged from the body via the bile
duct, a pattern associated with its bromine substituents (tga
et al .  l97l) .  Al l  other dyes are c leared via the k idneys into
the urine. Pathological examination of rats fed high dietary
levels of Rhodamine B, showed enlargement of both the
liver (where metabolism occurs) and the kidneys (Webb
et al. l96l), but the metabolites were markedly less toxic. In
man, Fluorescein is metabolised predominantly to the
monoglucor ide (Sheng-Chin Chen et  a l .  1980),  wi th the
basic fluoran structure remaining intact, as is also the case in
the metabol ism of Rhodamine B and Eosine.

Trb le  3 .  Up l rke  rnd  excre t lon  o f  the  t reccr  dyes  in  mcmmr ls .

A Revlcw op Toxrc l ry or  FluonesceNr Dyes

No teratogenic or other effects on reproduction were
observed in mult i -generat ion tests on Calcophor White ST,
Tinopal  CBS-X, Fluorescein and Rhodamine B. Rhodamine
WT and Tinopal CBS-X are severe irritants to the eye and
moderately i r r i tat ing to the skin.  Both Fluorescein and
Eosine are more toxic when contact  is  combined with ex-
posure to l ight .  In the case of  Eosine, th is may be due to
release of halogen atoms during photo-decomposition
(Tonogai  et  a l . ,  1978),  but  Takashi  and Kobayashi  (1977)
have demonstrated the irnportance of the singlet oxygen
formed on l ight excitation of both these dyes. Rhodamine B
does not show evidence of enhanced phototoxicity. This has
also been demonstrated by an extensive series of tests for the
two fluorescent brighteners.

All personnel handling dyes should wear protective gloves
and clothing. Excessive inhalat ion of  dust should be
avoided, or a face mask employed dur ing repacking of  bulk
supplies. All skin areas inadvertently contaminated by dye
should be washed immediately with soap and warer. Any
splashes in the eyes should be flushed with copious quan-
tit ies of water.

Based on the experimental results reviewed above, there is
no evidence of either a short or long term toxic hazard to
dye users or those drinking water containing tracer dyes.
Even those employing tracers routinely in their work would
not be l ikely to ingest sufficienr dye to cause concern. For
Rhodamine B (the mosr toxic of the rracers), the long term
oral feeding studies yielded 'safe' continuous ingestion
levels of 0.75 mg per day (U.S. Department of Health
Educat ion and Welfare,  1966),  equivalent to 370 ug/ l  for
normal consumption of drinking water. Comparable levels
of the other fluorescent tracer dyes would therefore be ac-
ceptable.

MurecrN rcrry /  Cencl  NoGEN tc rrY

Early exper iments by Umeda (1956) demonstrated
development of Sarcoma (cancer) in long-term experiments
with rats fed 0.290 of Rhodarnine B, Eosine and Fluores-
cein.  However,  these studies were found lacking with respect
to numbers of  animals surviv ing,  provis ion of  adequate con-
trol ,  and exper imental  durat ion,  when reviewed by IARC
(1977 and 1978) .
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drls for lhe lncer dves

FB2t FBJSI ACA DY!}6

Dominant Lethal Mutagenicity
Test Rat and Mouse-No effect

g /  kg t . 5t . 0 1 .  t 6 .  5 3 ,
64,  80.

Carcinogenicity-rat t / 3

3 /4

0/30 / l

? / l

o/3o/3 7 ,  l  l ,  1 6 .
33,  42,  46,
4 7 ,  6 8 ,  I  t 0 ,
i l 5 .

Key:  O/n = noncarcinogenic:

Subsequent experiments (Anonn, l98l) have confirmed
tl at Rhodamine B is carcinogenic. Results of more recent
feeding studies, with mouse and rat (US National Toxicol-
ogy Program) are not yet available for Fluorescein, while no
further testing of Eosine has been undertaken.

Fluorescent whiteners have been extensively tested in
mammals because of their widespread use and large produc-
tion. Both Calcophor White ST and Tinopal CBS-X have
been demonstrated to be non-carcinogenic in long-term
feeding studies in rat, and in the Dominant Lethal Muta-
genicity test in rat and mouse (Table 4). Information on car-
cinogenicity is not available for the remaining dyes, and an
evaluation of their safety must be based on mutagenicity
screening tests, which are rapid and less costly (Hoffman,
1982). These frequently employ micro-organisms or in vitro
cultures of mammalian cells, although several in vivo tests
are also available. There are strong correlations between the
mutagenicity of chemicals in short-term tests and their car-
cinogenicity in mammals (Bartsch et al., 1980).

The three mutagenicity test results reported for Tinopal
CBS-X are negative (Table 5), as would be expected from
the carcinogenic i ty data discussed above. Amino G Acid
and Lissamine Yel low FF have only been subject  to a pre-
i i rn inary screening using the Ames Test (Ki lbey,  pers.
comm. ,  l98 l ) .  Amino G Ac id  was non-muragen ic ,  con f i rm-
ing the staternent of  Combes and Haveland-Smith (1982)
that sulphonation of amino-napthalenes generally renders
them non-mutagenic. Lissamine Yellow FF yielded uncer-
ta in resul ts.

Fluorescein has been extensively tested in a variety of
micro-organism tests for mutation and DNA alteration
(Table 5).  The resul ts of  the DNA-cei l  b inding (DCB) test
suggested that th is dye was a possible muragen on metabol ic
ac t iva t ion  (Kub insk i  e t  a l . ,  l98 l ) ,  bu t  the  au thors  were  un-
able to conf i rm this resul t  using gel-electrophoresis.
Yosh ikawa e t  a l .  (1978)  repor red  no  inac t iva t ion  o f  t rans-
forming DNA in v i t ro using Buci l lus subt l is .  other sysrems
were also negat ive for  mutagenic act iv i ty,  wi th the except ion
of  the  resu l ts  us ing  photoac t iva t ion  repor ted  by  N ish ioka
(1976)  fo r  unspec i f ied  mix rures  o f  xanrhene dyes .  phoroac-
t i v u t i o n  w a s  n o t  d e m o n s t r a t e d  r n  t h e  R e c - A s s a v ' o r  i n a c r i v a -
t iorr  of  t ranst 'ormine DNA in Baci l lus subt l ts (yoshikawa

2 6 ' I ' u e  N S S  B l . ' r L E r r n - .  O c r o e E n  l 9 r . l

x/n = carc inogenic in x tests out  of  n reported

et al., 1978). Fluorescein has nor been tested in mammalian
systems for its effects on chromosomes, but the balance of
the test results indicates it does not constitute a mutagenic
hazard.

Eosine has also been widely tested and, unl ike Fruores-
cein,  demonstrates consistent photoact ivat ion of  muta-
genicity in three different sysrems and four tesrs (Table 5). tt
is, however, uncertain to what extent these in vivo results
can be apptied to in vifro systems. No clastogenic effects
were observed in tests using chinese hampster ovary cells
(Au and Hsu, 1979), nor were murations induced in vivo in
Allium apa or Vicia faba (Landa er al., 1965). Dye concen-
trations in the latter tests were, however, rather low, al-
though a mutagenic effect was obtained for Rhodamine B.

Rhodamine WT has been the subject of extensive study by
Douglas et  a l .  (1983).  Nesrmann and Kowbel ( l9 l .g,
report.ed that the dye was mutagenic in the salmonella
typhum/mammalian microsome Ames test. However, in a
batt.ery of in vitro and in vivo tests in mammarian systerns,
Douglas et  a l ,  (1983) were only able to demonstrate a weak
in vitro mutagenicity on using very high dye concentrations.
No evidence of in vivo genetic activity was observed in terms
of sperm abnormal i t ies or bone marrow micro-nucrei  in
mice. They conclude that 'Rhodamine WT appears not to
represent. a major genotoxic hazard.'

Rhodamine B has been widely tesred for mutagenicity as it
is a known carcinogen. out of twelve systems investigated,
mutagenic activity was demonstrated in onry five, including
in vivo in Drosophila melanogaster (Clark, 1953)-although
these exper iments have been cr i t ic ized by Lee et  a l .  (1993).
This dernonstrates the l imi tat ions of  mutagenic i ty tests and
emphasizes the need for a wide suite of test results before
dec id ing  on  the  s ta tus  o f  tes t  mater ia ls .  Fur thermore ,  in  the
Ames test  d i f ferent resul ts were reported for dye from a
number  o f  sources ,  w i th  on ly  two ou t  o f  seven tes ts  demon-
s t ra t ing  mutagen ic  ac t iv i t y .  Nes tman e t  a l .  (  1979)  and Doug-
las  e t  a l .  (1980)  demonsr ra ted  rha t  rhe  mutagen was an  im-
pur i ty  in  the  techn ica l  g rade dye employed Th is  i s  an  impor -
tan t  f ind ing  because the  concent ra t ion  o f  impur i t ies  rn  com-
rnerc ia l  dyes  may we l l  var l '  w i rh  bo th  manut 'ac tu rer  and dye
f r ; r tch-  The advantages  o f  u t i l i s rng  dr ,es  [ rom a  manufac ture .
' "ho  has  ob ta ined re levar r r  tox ic i t v  re : ; t  in t 'o rmat ion  are  thus
i : I ea r .
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effect  of  Sulphorhodamine B in fetal  rate hepatocytes,  a l -
though this was signi f icant ly smal ler  than for halogen-bear-
ing xanthene dyes. There is therefore some evidence from in
vi l ro systems that Sulphorhodamine B is a mutagen, but th is
has not been demonstrated in vivo.

Table 6.  status of  the rrecer dyes wi th respecl  lo carc inogenic i ty  and
mulrgenic i ly .

tlL- strrus

Su lpho rhodamine  B  has  been  tes ted  i n  s i x  sys tem.s .  I t
shows  no  i n  ' r vo  ch romosome a l t e ra t i on  i n  r a t  o r  i n  v i t r o  rn
h u m a n  b o n e - m a r r o w  c e l l s ,  f i n d i n g s  s i m i l a r  r o  r h o s e  f  o r
R h o d a m i n c  B .  I - l o w e v e r ,  u n l i k e  R h o d a m i n e  \ \  f .  i t  d t . , e s
c a u s e  c h r o r r r o s o m e  a b e  r r a t i o n s  i n  v i t r o  i n  c h i n e s e  h a m p s r e r
c e l l s .  S a k o  c i  & 1 .  ( l 9 i ' 1 0 )  h a v e  a l s o  d e m o n . s r r a r c d  : r  c y r o r o x r c

FB28 Non-carc inogenic
FB35 l  Non-ca rc inogen ic
ACA No  da ra
LYFF No  da ra
FL Non-Carcinogenic
E Uncerta in
RWT No dara
R B Carcinogenic
SRB No data Possib ly muragenic

No informarion on rhe mutagenic i ty of  Direct  yel low 96.
Pyranine or Sulphorhodamine C has been obtained.

The discussion above i l lustrates the di f f icurry of  assessing
the status of  chemicals when a comprex and di f ferent ia l
genotoxic response is shown, as appears to be the general
case with rhodamine dyes. This diff iculty is enhanced when
the products tested are of technical grade and may contain
impurit ies. Table 6 summarises the findings of this review.
Three dyes can be identif ied as causing minimal carcino-
genic and mutagenic hazard; Tinopal cBS-x, Fluorescein,
and Rhodamine wr.  conversely,  Rhodamine B is known ro
be carcinogenic and possibly mutagenic and should not be
used.

Aeurtrrc OncnNrsvs

There is a considerable body of  data on the toxic i ty of  the
tracer dyes to f ish.  Most comparat ive data is avai lable for
the 48 and 96 hour LC50 (Lethal  Concentrat ion-50) in
rainbow trout (Salrno gairdnerf) (Table 7). tn these tests,
Rhodamine B and Tinopal  CBS-X were the mosr t .oxic t rac-
ers,  a f inding supported by studies wi th bluegi l l  (Lepomis
macrochirus) and chanel catfish (Ictalurus punctatus.
However, the LC50 values of these two tracers are sti l l
relatively high and they would not generally be considered
toxic.  Furthermore, dye concentrat ions of  over l0O rng/ I
would only be achieved dur ing the in ject ion phase of  a
tracer test ,  and would be very unl ikely to persist  for  several
days. Data for  Calcophor Whire ST and Pyranine is l imi ted
to a s ingle species but,  again,  indicates low acute toxic i ry.

The on ly  long- te rm f i sh  exposure  exper iments  a re  those o f
Beno i t -Guyod er  r i l .  (1979)  us ing  guppy (Leb is tes  re t i -
cu la tu ,s )  and are  par r i cu la r ly  u .se f  u l  as  they  re la te  to  the  most
w ide ly  used { r? rcer . j .  A f te r  t l - r i r t y  days ,  there  was sor re
e v i d e n c e  o f '  c o n r i n u r n g  m o r t a l r t y  w i t h  a d d i t i o n a l  e x p o s u r r ,
b u t  t h e  T L f v l  v a l u c s  a t  t h i s  t i r n c  a r e  t h e  m o s t  u s e f u l  g u l c r c  r ( )
l o n g - t e  i ' m  t o x i c r r v  r r ,  f  i s h .  R h o , i : t m i n e  B .  E o s i n e  a n d  t h e  i , . , . , . )

No da ta
Non-mutagenic
Probably non-mutagenic
Possib ly mutagenic
Non-mutagenic
Possibly mutagenic
Possib ly non-mutagenic
Possibly mutagenic

f r *  I ' S S  B u L L r  r r x .  ( ) t .  r o t r r i  l 9 i l l  "
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Sulphorhodamine dyes are significantly more toxic than
Rhodamine WT or Fluorescein. However, the TLM values,
even for the more toxic tracers, are sti l l  three orders of
magnitude greater than the visible dye concentration and
five orders of magnitude in excess of those commonly ex-
pected in long-term tracer experiments. Indeed, as pointed
out by Abram and Rhodes (1978),  aesthet ic considerat ions
relat ing to the v is ib le colourat ion of  natural  waters are more
l ikely to l imi t  t racer concentrat ions than dye toxic i ty.  These
considerations, however, would not apply to the blue
fluorescent tracers which are colourless in solution.

Data are also presented in Table 7 for three aquatic in-
vertebrates. Asellus aqualicus (the water hog louse) is
gerrerally considered a robust organism, while Daphnia
m6gna (water f lea) is more sensitive, and has been widely
employed in bioassay work. The 72 hour LC50 values for
Dophnia are generally lower than those for fish (as is also
the case for Artemia salina). However, the egg and larval
stages of organisms are even more sensitive as demonstrated
by the l imited data for a number of shellf ish (Table 7). Con-
centrat ions of  I  to l0 mg/ I  of  Rhodamine WT, Rhodamine
B and Fluorescein (depending on the test organism) do not
affect development or cause mortality in shellf ish eggs and
larvae after forty-eight hours' exposure. Whilst further data
are needed for the other tracer dyes i i these sensitive
systems, it can be concluded that dye concentrations as high
as I mgl I can be tolerated for two days without damage to
aquatic organisms.

Several studies have been conducted to examine the
degree of  uptake and el iminat ion of  Rhodamine B by
sh: l l f ish.  Waugh and Key (1967) and Geckler and Wand-
strat ( 196'4l found that no staining occurred at concen-
tr:rtions of 0.02 mg / I in European flat oysters (Ostreo edulis
L) and quahog clams (Mercenaria mercenaria) respectively.
8. ,  en at  much higher in i t ia l  concentrat ions,  the dye was
eliminated within twenty-four hours on transfer to clean
water, although Calassi and Canzonier ( 1976) demonstrated
rer,ention for up to three days in the blue mussel (Mytilus
euulis golloprovin cialis). Comparable data is not available
for the other t racers,  a l though Feron and Hitz (1975) and
Canz et al. (1975) found that Tinopal CBS-X was not sig-
nificantly accumulated and was rapidly expelled from blue-
gill (Lepomus macrochirus), even after prolonged exposure
at  0 .1  mg/1 .  Smar t  and Smi th  ( in  p rep . )  observed tha t  the
strong staining of trout (Salmo gairdneri) exposed to 500
mgl l  of  Rhodamine B decl ined on transfer to c lean water.

The bioaccumulat ion tendency of  dyestuf f  can be in-
dicated from the part i t ion coeff ic ient  in n-octonal /water
(An l iker  e t  a l . ,  l98 l ) .  Th is  coef f i c ien t  has  been de termined
for several  t racers by Benoi t -Cuyod (1979) (Table 8).  As ex-
pec ted ,  the  h igh  water  so lub i l i t y  and an ion ic  charac ter  con-
s idered  des i rab le  in  a  t racer ,  g ive  low par t i l i on  coef  f i c ien ts .
A l s o  s h o w n  i n  T a b l e  8  i s  a  r a t i n g  f o r  p r o r e i n  b i n d i n g ,  w h i c h
rs  der ived  f rom in  v ' i t ro  exper iments  (Lu t rv ,  1978;  Lu t ty ,
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1979; Tonogai  et  a l . ,  1979b; Tatsuj i  et  a l . ,  l97l ;  Gangol l i
et al., 1972). These results relate well to the partition coeffi-
cients. although Eosine appears to be bound to a greater ex-
tent than Fluorescein, despite its somewhat smailer partit ion
coefficient. They also indicate that Lissamine yeilow FF has
some potential for bioaccumulation. However, even in the
case of  Rhodamine B, the most l ipophi l ic  of  the dyes resred,
the bioaccumulation factor would be below l0o and further
testing in vivo would not be considered necessary.

Trblc t. Prrtition coclficicnls (n-octond/wrtcr) rnd protein binding of the
lnccr dyes.

0
LYFF
FL
E
RWT
R B
SRB
SRC

A Revrew or Toxlcrry or  FrutnEscsxr Dves

above that endur ing t racer concentrat ions as high as I  mg/ t
would not be detrimental to aquat.ic ecosystems.

The toxicity of dyes to bacteria has been investigated
pr imari ly to determine the possible suppression of  bacter ia l
decomposition in sewage works. At present, only l imited
data is available, but following the adoption of a test pro-
tocol  by ETAD (Brown et  a l . ,  l98l) ,  more comparable data
should become available. No data is availabre for Lissamine
Yellow FF or Rhodamine wr. However, as onry the basic
dye Rhodamine B appears to affect aerobic decomposition
(Table I0), a finding supported by the wider survey of
Hunter (1974\ for other acid and basic dyestuffs, no derri-
mental effects would be expected for these dyes. The timited
data for salmonella typhum employed in the Ames resr pro-
tocol suggest that there are no large differences in the toxic-
ity of the various tracers to bacteria. It is not possible to
convert the plate concentrations to environmental levels, but
overall the data do suggest that bacteria are less sensitive to
the tracer dyes than either algae or she[fish eggs and larvae.

ln conclusion, there is no evidence of significant bioac-
cumulation for any of the tracer dyes in fish. The mosr sen-
sit ive aquatic organisms to the dyes are the developmental
stages of shellf ish, and algae. These, therefore, determine
the maximum prolonged dye concentration which can be
recommended. This l imi t  is  set  at  I  mg/1,  wel l  above the
persistent dye concentrations commonly used in tracer rests,
and at least one order of magnitude above the visible
threshold. There is no evidence that short-term exposure ro
concentrat ions in excess of  I  mg/1,  such as could occur
transiently at injection sites, are harmful, but prior dilution
should be employed if rapid dispersion and dilution of rhe
tracer dye is not expected.

DrscussroN

Before discussing the toxicity information described
above, at tent ion must be drawn to the possibi l i ty  that
chemical  t ransformat ion of  the t racer dyes may occur af ter
release, producing compounds which are intr insical ly more
toxic.

Informat ion on the toxic i ty of  photo-decomposi t ion
products of tracer dyes has been reviewed above, with
Eosine appear ing ro exhibi t  both photo-act ivat ion of
mutagenic activity and phototoxicity due to release of
bromine atoms. Smart  and Smith ( in prep.)  showed in acure
tests using Asellus aquaticus that for Lissamine yellow FF
the photodegradat ion products were s imi lar  in toxic i ty ro
the parent dye; but for  Amino G Acid,  they were s igni f icant-
ly less toxic.  In other tests,  photo-decomposi t ion products
may wel l  have been present and are therefore incorporated
in to  tox ic i ty  f igures  in  a  non-sys temat ic  manner .  The evrn-
tua l  photo-decompos i t ion  produc t .s  o f  F luoresce in  (anc i .  bv
a n a l o g y  w i t h  m e t a b o l i s m ,  o f  r h o d a m i n e  d y e s )  a r e  p t f r a l i c
ac id  and rescorc ino l  ( l sh ibashr  1965)  The la r te r  was  fo , rnc l
io  be  non-mutager r rc  when tes t  c la ta  were  rev iewed b l ,  l - r r : t l -

4 . t  x  l 0 - l
4 .?  x  t0-2
4.7 x lO-2
t . 9 x  l 0 + 2
6.2 x l0-3
9.5 x  l0-3

+
+
+
+
+
0
0

Notes:  a + = Protein bound. + = weakly bound. 0 = Nor protein
bound.

Trblc 9. Effect of krccr dyes on dgre (dyc concentrrtion l0 mgl1, ex-
posurc pcriod 7 drys).

FB2t FL E RA Source
Sel o n os t ru m caprico r nu I u m
Chlorello sp.
Scenodesums sp.
Chlorococcam sp.
Nostoc sp.
Anabaeno sp.
Oscillatona sp.

+ + + 0  6 3
+ +  7 2
+ 7 2
+ 7 2
+ 0  7 2
+ 0  7 2
+ 0  1 2

Key :  ++  =  Nogrowth re ta rda t ion
+ = Some growth retardation

+ 0 = Severe growth retardalion
0 - No growth

ln pract ice,  the empir ical  studies of  the el iminat ion of
Rhodamine B from shellf ish and rrout discussed above in-
dicate that there is l i tt le possibil i ty lor bioaccumulation of
this dye once environmental concentrations fall on comple-
tion of a tracer test.

Only two studies have reported the effects of rracer dyes
on algal  growth (Table 9).  L i t r le and Chi l l ingworrh (1974)
showed that whi lst  Calcophor White ST caused no growth
inhibit ion in Selanastrum capricornutum over a fourteen-
day exposure per iod,  Rhodamine B caused severe growth re-
tardat ion at  I  0 mg /  I  .  There was no ef  fect  for  Rhc'damine B
a t  I  m g / 1 .  I n  a n  e a r l i e r  s r u d y ,  M a s o n - W i l l i a r n s  ( 1 9 6 9 )
showed a di f ferent ia l  response to dye exposure for  a number
o f  spec ies  found in  Welsh  s t reams.  Surpr is ing ly ,  R l iodamine
B was less  tox ic  overa l l  to  a lgae than Eosrne,  wh ich  \vas  mar -
g ina l l , v  less  tox ic  than F luore .sce in ,  the  reverse  o f  t i r , :  o rder  in
h i g h e r  o r g a n i s r n s .  A l g a l  g r o w t h  a p p e a r s  t o  b e  l i , t e i : t e d  a t
s r m i l a r  c o n c e n t r a t i o n s  b y  t r a c e r  d y e s  a s  t h e  s e n s r i , ' , , r  l a r v a l
s t a g e s  o f  s h e l l i - i s h .  T h i s  r e i n i o r c e s  i l r e  c o n c i u s r  ; r  i j r a w n

+ +  + +
0 0
0  + 0
0 0
0  + +
0 0
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Trble 10. Effect of tncer d on brclerir l  decomposit ion (dyc concenlrrt ion t(X) m / l, exposure period J hours), rnd in Solmonella typhum (Ames test).
T-B2I FB3SI DY!).6 P FL E RWT RB SRB SRC Source

Activated sludgea
(Aerobic)

+
0

+ +

dle et al. (1983). Therefore, photodecomposition product
toxicity appears only to be a problem for Eosine.

A particular hazard has been identif ied by Abidi (1992)
due to the production of diethylnirrosamine (DENA) from
the reaction of nitrites with the diethylamino moieties pres-
ent in all rhodamine dyes. DENA is a potent animar carcino-
gen (Magee and Barnes, 1967). Abidi (1982) demonstrared
the production of DENA in both narural and distif led warer
systems with nitrite levels in excess of I I pgll and Rho-
damine B with WT concentrations grearer than I pgl l. Ir is,
however, difficult to reconcile the high reaction lelds (up to
96s/o) quoted in the laboratory experiments, with the known
long-term persistence of rhodaminc dyes in tracer tests. The
DENA formed in the laboratory experiments was found to
photo-decompose relatively slowly under ultravioret irradia-
tion. In the presence of ascorbic acid nitrosation was in-
hibited. Thus the observed persistence of anionic rhodamine
dyes may bc related to competing reactions which retard ni-
trosation of the dye, reducing the DENA hazald corre-
spondingly. Determination of DENA levels during field
trials with rhodamine dye tracers is urgently needed.

The third problem associated with the chemical trans-
formation of tracer dyes is related to the production of
chlorophenol compounds on chlorination of water for
domestic supply. No experimental work has been conducted
on this problem, although taste experiments with Rhoda-
mine B performed by Wilson (1968) suggesr rhar rhis reac-
t ion does occur.  This conf i rms the statement of  Murphy
er al-  (1975) that  r ing structures wi th electron-acr ivat ing
subst i tuents (pr imari ly OH and amino groups) are l ikely to
be chlor inated. Furrher work is needed on this problem.

The acute and chronic toxic i ty of  a l l  the t racer dyes in
mammal systems is suf f ic ient ly low that no danger should
resul t  in their  use, providing normal precaut ions are ob-
served dur ing dye handl ing.  However,  only three tracers can
be demonstrated to cause minimal carcinogenic and muta-
genic hazard,  Tinopal  CBS-X, Flourescein and Rhodamine
WT. Conversely,  Rhodamine B is known to be carcinogenic
and should not be used. The status of  the remaining rracers
is uncertain and they should be used only af ter  carefur con-
s idera t ion  o f  the  probab le  exposure  r i sk ,  bo th  ro  r rac ing  per -
sonne l  and to  the  w ider  popu la t ion .  In  aquat ic  ecosysrems,
b i o a c c u m u l a t i o n  i s  n o r  a  p r o b l e m  w i t h  a n y  o f ' t h e  d y e s t u f f s .

J0  r  Tse  NSS t tu r - l e  ny .  ( ) c rosEn  1984

+ a c  l l ,  1 4 ,  1 6 ,  1 9 .
2 9 ,  4 3 ,  4 5 , 7 2

There is no acute hazard associated with short exposures to
very high dye concentrations, such as can occur on injec-
t ion.  For longer exposures,  the development stages of  shel l -
f ish and algae appear to be more sensitive than fish. Even in
these systems, a concentration of l mg/ I for 4g hours can be
endured. I t  should nor be a problem to keep persistent dye
concentrat ions wel l  below r00 Fgl l ,  part icular ly as th is is
well above rhe visible threshord where aesthetic considera-
t ions may become dominant.

Further informat ion is needed both on the mutagenic i ty
of tracer dyes, and on the effecrs of long-term exposure in
sensitive larval stages of aquatic organisms. There is also a
need to assess the toxicological  s igni f icance of  compounds
formed in the environment by reactions with dyestuffs.
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c. Anaerobic dccomposition only.
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NOTES ADDED IN PROOF
l )  The iss  e t  a l .  (1981)  have  repor red  a  weak  tumor igen ic  response  in  m ice

for  Amino c Acid.  In v iew of  th is f inding,  one of  the orher b lue f luores_
cenr t racer dyes should be used in preference to Amino c Acid.

2)  A draf i  report  detai l ing rhe toxicology and carc inogenesis t r ia ls on
Fluorescein has now been prepared (National Toxicity program
Technical  Reporr  ser ies 265,  avai lable f rom Nat ionalToxic i ry program,
P.o.  Box 122i3,  Research rr iangre,  park,  NC zr7og,  usA).  The study
found equivocal evidence of carcinogeniciry in mare rats, but no
evidence in female rats or in male or female mice. Fluorescein was also
found to be non-mutagenic in the sormoneilo ryphum mammarian
microsome assay, confirming rhe earlier resurts of Nesrmann et ar.
( I e80).

3) crompton and Knowles corporation have obtained expcrr opinion on
the probable cancer r isks ar is ing f rom formar ion of  d iethyln i t rosamine
from Rhodamine wr.  They conclude rhat  incremental  l i fet ime r isks due
to dierhyln i r rosamine exposure f rom Rhodamine wr would be far  less
than lO-n (considered by the EpA as acceptable) .
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An Evaluat ion of  Some Fluorescent  Dyes [or  Water  Trac ing
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Eight  f luorescent dycs (amino C acid,  phot inc CU, f luorescein,  l issaminE FF, pyraninc.  rhodamine B.
rhodaminc WT, and sulpho rhodaminc B) wcre comparcd in laboratory and f ie ld cxper iments to asscss
thc i r  u t i l i t y  i n  quun t i t u t i ve  t rac ing  work .  The  p roper t i cs  cons idc rcd  inc luded  sens i t i v i t y  l nd  m in imum
dctcctabi l i ty .  thc c l lect  of  warcr  chcmistry on dye f luorcsccncc.  photochcmicul  and bio logical  dccay ratcs.
adsorpt ion losses on equipmeni  und scdimcnts.  tor ic i ty  to man and uquut ic organisms. und cost .  Thc
orangc f luorc.sccnt  dycs arc morc uscful  thun thc blue and grecn bccause o[  the lowcr background
f luoresccnce ut  the or tnge wuvc band, which pcrmits h igher sensi t iv i t ies to be obtaincd.  Pyranine
f luoresccncc is  st rongly af lcctcd by f rH ovcr thc runge cncountered in natural  watcrs.  which precludes i ts
s implc use in quant i tat ive work.  Amino C acid,  phot ine CU. pyranine.  and f luorcsccin a l l  have high
photochcmicul  dccuy ratcs.  Pyraninc.  J issamine FF. and umino G acid arc thc dyes most rcs istant  to
adsorpt ion.  hut  rhodamine WT. f luorescein.  and sulpho rhoduminc B also havc moderately h igh rcsis-
tance .  Rhodamine  I  i s  r cud i l y  udorbcd  by  mos t  mu te r iu l s .  Rhodaminc  WT (o rangc ) .  l i ssaminc  FF
(grecn ) .  and umino C ucid (b lue) urc the thrcc t raccr dycs recommcndcd: they may bc used s imul tancously
to  t rucc  th rcc  i n jec t i on  s i t cs  w i th  thc  l i l t c r  combrnu t ions  sugges tcd .

lNTnot rucr roN

Fluorescent  dyc t rac ing techniques are now wide ly  uscd in
hydrology. In surface waters they are commonly used for dye
ci i lut ion gaging lCobb and Bailey, 19651. in part icular for the
cal ibrat ion oI structures lKi lpotr ick, 1968] and where current
metcring is dif f icult ,  for instance. under an ice cover lKi lpat-
rick, 1967J or in steep rocky channels lChurch and Kellerhals,
1970J.  Dyes are a lso used for  t ime of  t rave l  s tud ies lEuchanon,
19641 and for dispersion experiments in r ivers lYotsukura et
a l . .  1970f  and in  mar ine/estuar ine env i ronments  lPr i tchard
and Carpenter, 19601. The tracing of karst groundwater has
frequcntfy becn carr ied out by using ffuorescent dyes lDrew,
1968:  Brown et  a l . ,  19691,  though appl icat ions in  o ther  aqui lers
havc bcen largely l imitcd to oi l  f ic lds [Sturm and Johnson,
19501.  Dyes have a lso been employed for  po in t  d i lu t ion s tud ies
in wcl ls lLewis et ol. ,  19661. Reynolds [966] reports the use of
f iuoresccnt dyes for tracing soi l  water. while Robinson and
Donoldson [1967J have s tud ied water  uptake in  p lants ,  us ing
lhese t racers .  There are a lso s ign i f icant  appl icat ions o f  dye
t  rac ing techniques in  engineer ing.  for  ins tance,  c i rcu la t ion
stud ies in  ch lor ine contact  chambers {Deaner ,  1970J and in f i l -
trat ion measurements in foul water scwers [Srnith and Kepple,
t9721.

Of  the commonly  used f luorcsccnt  dyes,  f luorcscan (Colour
lndex (Cl) 45150 lSociery of Dyers and Colourists, 197l l)  has
been used s ince the end of  the n ineteenth cenIury  IDole .  19061.
I t  i s  v i s i b l y  dc tec tab le  i n  l ow  concen t ra t i ons  bu t  has  ve ry  poo r
s t a b i l i t y  u n d e r  s u n l i g h t .  T h u s  i n  t h e  e a r l y  1 9 6 0 ' s ,  w h e n  w o r k -
e rs  i n  t he  Un i t ed  S ta tes  and  Japan  we re  assess ing  f l uo rcscen t
dyes  f o r  quan t i t a t i ve  t r ac ing  wo rk  i n  su r face  wa te rs ,  t hcy
a d o p t e d  t h e  e q u a l l y  f l u o r e s c e n t  d v e  r h o d a m i n e  B  ( C l  4 5 1 7 0

IPr i tchatd and Carpenter ,  19601)  However ,  i t  became appar-
en t  t ha t  r hodamine  B  was  read i l . v  adso rbed  on to  sed imen ts .
; r n d  s u b s e q u e n t l v .  s u l p h o  r h , r d a m i n e  B  ( C I  4 5 l C X ) )  w r s  i n -
t r o d u c e d .  A l t h o u g h  t h r s  d y c  w  a s  r c s i s t a n t  t o  a d s o r p t r o n ,  t t  w i l s
compara t i ve l y  expens i vc  and  r vas  l a t c r  r ep laced  by  t he  chcape r

(  o p v r i g h t  @  l 9 ; s  h r  t h c

I ) . r P c r  n t , r n h c r  h ! \ ' i l i ' l  i

dye rhodamine WT, which was developed specif ical ly for trac'
ing work  (U.S.patent  3 ,  367,  9461.  Reynolds 11966]  used the
grcen dyc pyranine (Cl 59040) lor tracing percolat ion water

because i t  was very resistant to adsorption. Reccntly, a grouP
of blue f luorescent dyes, known as optical brightcners because
o[  the i r  use in  whi ten ing paper ,  tex t i les ,  and other  o f f -whi tc
products, have becn applied to watcr tracing fGlouer, 19721-

There has been a l i t t le  prev ious work on the su i tab i l i ty  o f
rhodumine WT for  water  t rac ing,  but  cons idcrab ly  more data
are ava i lab lc  for  f fuoresce in .  su lpho rhodamine B.  and rho-
damine B.  However .  much of  th is  in format ion cannot  be d i -

rectly comparcd bctween one study and another bccausc of differ-

ences in cxperimental techniques. Furthermorc, Ji t t le work has
been presented on the use of  pyran ine,  thc  opt ica lbr ighteners ,
or two dyes used for aerosol tracing, l issaminc FF (CI 56205

[Yates and Akesson. 1963J) and amino C acid lDumbauld,
19621.  Avai lab le  deta i ls  o f  the names,  s t ructures,  and suppl iers
of  a l l  the dyes s tud ied are g iven in  Table  l .  Th is  papcr  eva l -
uates the ex is t ing in format ion on the above dyes and presents

the f ind ings oI  an extens ive ser ies  o I  tcs ts  on the i r  usefu lness as
waler  t racers .  F ina l ly ,  recommendat ions arc  made on the ut i l -

i ty of the dif fe rent dyes for quanti tat ive and other tracing work.

Ax r t .Ys t s

Inst ruments .  A l though i t  is  poss ib le  to  determine the con-
cent ra t ion o [  f luorescent  dyes in  so lu t ion by usrng a spect ro-
f luorometer .  the expense.  complex i ty .  and de l icacy o f  these
ins t rumen ts  ru l e  ou t  t hc i r  gene ra l  app l i ca t i on .  Mos t  wa te r

t r ac lng  wo rk  i s  ca r r i ed  ou t  by  means  o f  f i l t e r  f l uo rome te rs  such
a s  t h e  T u r n e r  I l l  o r  t h e  A m i n c o  B o w m a n  f l u o r o / c o l o r i m e t e r .
These machincs are on ly  moderate ly  cxpcns ive.  s imple to  use,
and  su f f i c i en t l y  r obus I  f o r  ope ra t i on  i n  t hc  f i e l d  w r th  a  po r tab l c
gene ra to r .  Fu r the rmore ,  t he i r  sens r l i v i t y  r \  co rnpa rab le  t o  t ha t

o l  a  spec t ro f l uo rome te r ,  a l t hough  they  a re  cons ide rab l v  l ess

spcc i f ic  un less in ter ferencc f i l te rs  are cmoIr r lcd
ln  a  f i l t e r  f l uo romc te r .  exc i t a t i on  cne rgy  r s  p rov ided  by  a

rep laceab l c  l i gh t  sou rcc .  com lnon l y  a  l , r ' u ' - p ressu re  mercu ry
l r r m p  w i t h  o r  w i t h o u t  a  p h o s n h c l r  c o n t , n r .  T h e  l i g h t  p a s s e s
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TABLE l .  Cenc r i c  and

Surnr  rx t ;  Lr ro t . rw:  Dvr  Tnecrns

Al ternat ive Names and Chemicu l  St ructurc  o f  the TruccrDye s

Name in  Tex t
Colour

Index No. Gener i c  Namc A l t c rna t i ve  Numes Chcmicu f  S t ruc t  u rc

Bluc Fluoresccnt  Dyes
Amino  C  uc ido 'd

Pho t inc  CU '

Creen Fluorescent Dyes
Fluorescein

L i s s u m i n c  F F

Pyranine

Orunge Fluorescent Dyes
Rhodaminc 8t 'd. t .h
Rhodumine  WT '
Su lpho  rhodaminc  8 . . ,

Cl  f luorescent
b r igh rcner  l 5

Cl  acid ycl low 7.3

C l  ac id  yc l l ow  7

Cl solvent  green 7

C l  bas icv io le t  l 0

Cl  ucid red 52

so,x

dr^}*,
h(rts \Jlr'/

*-1^yoflo
VcV

 
l-I.*.

*r,  ^ ,o,o

rc
t .O r :  -  

O ,

[.,."..-*-]."-'l 
'

| ".* J,, I
L '  )

^ 9

",.5i)*<>'",
- v

45150

56205

59040

4 5 t 7 0

45 t00

7-amino  1 .3  nup thu lcnc
d isu lphon ic  uc id

Fluoresccin LT'
Uran inC ' ' /
Sodium f luorcscein
Lissamine yel low FF,
Br i l l i un t  su lpho  f l av inc  FF , '
Er i l f  iunt  ucid yel low t lGd
Pyraninef
D&C green E/

Pon tucy l  b r i l l i un r  p ink  B .n
Lissuminc rcd 48'
K  i t on  rhoduminc  B /
Ac id  rhodumine  8 "

['",",0.dOi*,,,f''-
L C"*l
1c,x,r,rr 

fYY) 
i.c,x.,l'r

A'o,
V

' c , " , , , r10 f  
; ,  i , c , r , , ,

\,^cA./

1 \ . o o -

V
C@Jt.

r  D iscon t  i nued .
All colov Indzx numbcrs rclct lo lrd cdjlion of.lht -colo&r /ny'..r {l97ll. supcrscript lcrrcrs refcrro mirnuficrgrcr: q. L. B. rtoljdry Lrd.:6. Hiclson tnd w.lch Lld.:  . .  lc l  Limitcdi d. Al l ied clcmical corior;rr ion l ipcciat iy chcmicati  oi" i . ;" i ] ,  

"  
!" i i i ' "*c Hocchsr A. c.:

{;['31-f;i., 
u K Lrd.:8. Farbcnf b'ilcn Bavcr A.G.:,rr, Du Ponr dc N.'l '", ' ' i 'o co. r-,a., ]. cni t".p,""it,,",-il u. r"r,"-,""".

through a pr imary f i l te r  before enter ing rhe sample com-
par tmenr ,  where i t  is  absorbed by rhe dye sample ro  be re_
emi t ted a t  a  longer  wavelength as f luorescence.  Th is  emi t ted
l ight  passes through a secondary  f i l te r ,  which is  opaque to  l ight
pass ing the pr imary f i l te r  and is  normal ly  a t  90o to  the pr imary
l ight  path.  The amount  o f  l ighr  pass ing through rhe secondary
f i l te r  is  measured on a photomul t ip l ie r  and compared wi th  a
re lerence l ight  path to  producc a readour .  Sens i t iv i ry  may be
con t ro l l ed  by  chang ing  t he  amoun t  o f  exc i t a t i on  ene rgy  o r  by
va ry i ng  f i l t e r  t r ansm i t t ances  us ing  neu t ra l  dens i t y  f i l t e r s .  Fu r -
t he r  de ta i l s  o f  t he  ope ra t i on  und  cons t ruc t i on  o f  f l uo rome te rs
are g iven by l r i l son [1968] ,  Udenf r iend [1962] ,  and the l i te r -
a tu re  o [  f l uo rome tc r  manu fac tu re rs .

f i l ters and lamps. Careful selecrion of the primary ;-rnd
seconda ry  f i l t e r s  i s  necessa rv  i n  o rde r  t o  max im ize  sens i t i v i t v .

min imizc background.  and permi t  thc  analys is  to  be suf -
l ic ient ly  spec i f ic .  Normal ly ,  the pr imary and secondary  f i l te rs
are chosen to  have peak t ransmiss ion at  the maximum ex-
c i ta t ion and emiss ion wavelength o f  the se lecred dye.  How-
ever .  where over lap of  the pr imary and secondary  f i l te rs
occurs .  l ight  scut tered in  the sample may enter  the photo-
mul t ip l ie r  'nd produce an upparent  f luorescence reading.
Because sonre f luorescent  dyes have on ly  50 nm between
the  exc i t a t i on  and  em iss ion  max ima ,  t h i s  can  be  a  pa r t i cu la r
p rob lem.  I n  such  cases  i t  may  be  necessa ry  t o  exc i re  rhe  samp le
a t  o the r  t han  t he  exc i t a t i on  max imum.  Th i s  w r l l  u l so  be  neccs -
sa ry  i f  a  noncon t i nuous  l i gh t  sou rce  r s  used ,  f o r  examp le .  t he
mercu ry  l amp  em i t t i ng  on l y  i l t  t he  mercu ry  l i nes .  Such  a  l amp
w i l l  s imp l i [ y  f i l t e r  se lec t i on  cons ide rab l y  because  r t  i s  on l y
necessa ry  t o  se lec t  a  spec i f i c  l i ne (s )  l o r  t he  ass rv .  and  a  f i l t e r

TA tsLE 2 .  Exc i ta t i on  and  Emiss ion  M: rx ima  r l I  t he  T r rc i : r  Dycs  lnd
F  i l t c r  C o m b i n u r i o n s  f o r  T h c i r  A n u l v s i r
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cmi t ted by the source.  Fur thermore.  i t  may reduce the back '

B round  em iss ion  o f  o the r  f l uo rescen t  compounds  p resen t  i n

the  samp le .
Thcre arc  two commonly  ava i lab le  types of  co lor  f i l te r .  dyed

in  the g lass and gc la t in  f i l tc rs  ( in ter ference f i l te rs  are not  con-

s idered here because of  the i r  rc la t ive ly  low t ransmiss ion) .

Dyed in  thc  g lass f i l te rs  are ext remely  s tab le  under  h igh l ight

in tens i r ies ,  but  because of  the l imi ted nurnber  o f  dyes ava i l -

ab le ,  they tend to  have a broad t ransmiss ion wav€ band wi th  a

tong ' ta i l '  toward longer  wavelengths.  Cela t in  f i l tc rs  are much

sharpcr  in  thc i r  reso lu t ion but  less s tab le  to  l ight .  Fur ther '

more.  i i  they are used unmounted,  they scratch readi ly  and are

badly affected by heat. This has proved to be a specif ic prob-

lem wi th  the Turner  I  I  I  f luorometer ,  where the pr imary f i l te rs

are in  c lose prox imi ty  to  the l ight  source and may become very

hot ,  Gela t in  f i l te rs  should  therc fore be g lass mounted '  c i ther

on purchase or  by us ing photographic  s l ide cover  p la tes '

Table  2  presents  maximum exc i ta t ion and emiss ion wave-

lengths for  the dyes cons idered here and the f i l te r  combin: r -

t ions recornmended for  the i r  ana lys is ,  the spect ra  o f  which are

g iven in  F igurc  l .  Other  f i l te r  combinat ions wi l l  a lso g ive

sat is factory  resu l ts .  In  a l l  cases a low-pressure mercury  lamp
(Genera l  E lect r ic  Company C4T4. t )  hav ing s ign i f icant  emis-

s ion on ly  a t  the mercury  l ines has been employed.  Thc orange

fi l tcrs are those recommended by G. K. Turncr Associates for

the Turncr I  I  I  f luorometer, which have provcd to be vcry

sensit ive and to produce a low background. The grcen f i l ters

use the 416-nm mercury  l ine,  but  a  pr imary t ransmi t t ing the

405-nm and 4f6-nm l ines (e .g . ,  a  Wrat ten 36)  would  g ivc

s imi lar  resu l ts  and reduce the pH sens i t iv i ty  o f  the pyran ine

analysis. The secondary f i l ter, a Wratten 55, has a relat ively

h igh t ransmi t tance,  and therefore a  neut ra l  dens i ty  f t l te r

(about 304OVo transmittance) should be used to provide a

convenient  work ing range.  A Corn ing l -56 f i l tc r  w i th  a  broad

t ransmiss ion in  the v is ib le  wavc lengths has bcen uscd in  th is

s tudy in  p lacc o I  the neut ra l  dens i ty  f i l te r .  A sharp-cut  sccond-

ary  f i l te r  composed of  a  Wrat ten 55 in  combinat ion wi th  a
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TABLE L  Sens i t r v i t y  and  M in imum Detcc tab le  Conccn t ra t i ons
for thc Tracer Dycs

Dvc

Buckground
Sens i t i v i t y . '  Read ing . t
lB  I  - ' , / sca lc  sca le  un i t s

uni t  0-  l0O

M i n i m u m
Dctcctu f r i l i ty .$

p 8  l - '

A m i n o  G  u e  i d
Pho t rnc  CU
F luo rcscgn
L i s s l n r i n c  F F
Pyr i tn inc
Rhodunr ine  B
R h o d a m i n e  W T
S u l p h o

rhodrm inc  B

0.27
0 .  r 9
0 . t I
0 . i l
0.01-1
0 . 0 r 0
0 . 0 r 1
0.06 |

19 .0
t9 .0
26.5
26.5
16 .5

t . _s
r . 5
r s

0.5 |
0 .16
0.29
0.29
0.Ott7
0 .0 t0
0 .0 t1
0.06 |
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o
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9
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For  i r  Tu rnc r  l l l  l i l t e r  l l uo romete r  w i l h  h igh -sens r t i v i t y  door  und
rcconr rncnded  f i l t e rs  l nd  lan tp  u l  2 l rC .

r A t  u  p H  o f  7 . 5 .
f  Fo r  d i s t i l l cd  $ ' i r l c r .

f l - o r  u  l 07n  inc rcasc  ovc r  buckground  rc : rd ing  o r  I  scu lc  un i t .
wh ichcvc r  i s  l a rge r .

Wrat ten 44 wi l l  min imize in ter ference f rom orange f luorcscent

dyes.  The Corn ing 7-37 pr imarv and Wrat ten 98 sccondary

combinat ion has been found exce l lent  for  the b lue f luorescent

dyes.
To date,  no guant i ta t ive work  us ing two or  more dyes

s imul taneous ly  has been repor ted.  (However .  Rochat  e l  a l .

[19751 have descr ibed the scparat ion o f  rhodamine dyes by

bo th  ch roma tog raph i c  and  so lub i l i t y  t echn iques .  A  m in imum

scns i t i v i t y  o f  l - 2  t l g  l - t  was  c l a imed  f r om l abo ra to ry  s tud ies ,

but  no unalyses were repor ted f rom f ie ld  tes ts .  The technique

could  a lso be uscd for  the separat ion o f  f luoresce in  and l issa-

mine FF or  pyran ine.  so that  f ive  f luorescent  dyes could  be

de tc rm ined  i n  t hc  same  samp le . )  S imu l t aneous  use  i s  des i rab le

because a s ing le  set  o f  water  sumples c0n bc used.  for  ins tance.

t o  de f i ne  t he  f l ow  p i l t hs  o I  two  o r  t h ree  s i nk ing  s t rea rns  i n  a

kurs t  aqu i fer .  F luorescent  dye techniques have therefore been

l im i t ed  i n  t h i s  r espec t  i n  comp l r i son  w i t h  m ic rob io l og i ca l

[ l 4 impenny  e r  a l . .  1972J .  r ud ioac t i ve  lAbood  e r  a l . ,  1969J .  and

l ycopod ium spo re  lD rew '  and  S ln i t h ,  19691  t r ac ing  mc lhods .

Th i s  d i sadv : l n t i l ge  m ; . t v  be  ove rcome  by  us ing  a  b lue .  i l  g r cen .

I r nd  un  o rungc  f l uo resccn t  d ; -e  u ' i t h  t hc  recommended  l l l t e r
c o m b i n u t i o n s .  T h c s c  t i l t c r s  m i n i m i z c  t h e  r d d i t i v c  i n t c r f c r e n c e
f rom thc f luorescence of  thc  o ther  two dyes.  even at  moder-
a te l y  h i gh  conccn t ra t i ons .  Thc  g recn  f i l t e r  comb ina t i on  i s  mc l s t

sens i t i ve  t o  t h i s  i n te r f e rence :  howeve r .  conccn l ra t i ons  o f  a t

l e a s t  6 5  / r g  l - '  o I  r h o d a m i n e  W T  a n d  6 0  s g  l - ' o l ' a m i n o  C  a c i d
a re  requ r red  t o  p roduce  a  l 07o  i nc rease  i n  t he  d i s t i l l cd  w i l t e r

buckg round  f l uo rescengs  r v i t h  t he  Wr r t l en  55  l r nd  44  second -
i l r v  con r [ - r i na t i on .  The  L r l ue  and  r ) r unge  [ r l t e r  comb ina t i ons

T,\ l- t [  l  J l  e n r p c r u t r r r r - '  I

-?5 - x) - 15 - t?"-*,i,r,. 
o,,l*,"n.. 

ou.-,,'ato r3 ?0 ?t

F ig .  2 .  Tcmpcra lurc  cor rect ion curvcs [or  thc  t r lce  r  dycs.

show no  i n te r l e rence  un t i l  concen t ru t i ons  o f  l i s sam ine  F l j
exceed  120  yg  l - ' and  400p9  l - r ,  r espec t i ve l y .  W i th  conccn ( r l -
t ions in  excess of  these va lues.  cross ca l ibr i l t ion wi l l  be rc-
qu i red to  cor rect  lo r  the in ter ference.  Th is  wi l l  be neccssary  r t
much lower  concent ra t ions i f  less se lect ive f i l te r  combinat ions
are adopted.

Sensit iui ty and detectabi l i ty. The sensit ivi ty of the f luonl-
metr ic  anulys is  depcnds on both the ef f ic iency of  the dye i r r
conver t ing exc i ta t ion energy in to  f luorescence and the t rans-
m iss ion  o f  t he  f i l t e r  comb ina t i on .  Howeve r ,  t he  de tec tab i l i t r
a l so  depends  on  t he  b :nckg round  o r  b l ank  f l uo rescence  va lue .
Background f luorescence in  nutura l  waters  is  vur iub le  in  both
space und t ime;  therefore detectab i l i t ies  are repor ted here [or  u
d i s t i l l ed  w i l t e r  b l ank .  l t  i s  bes t  t o  use  d i s t i l l ed  o r  de ion i zcd
w i l t e r  t o  p repa rc  gene ra l  ca l i b ra t i on  cu rves ,  t he  dye  concen t r : r -
t r on  i n  nu tu ra l  wa te rs  be ing  de te rm ined  by ' su t - r t r i l c t i on  o f  t hc
d i f l e rencc  be twccn  t he  h ighe r  na tu ru l  b r ckg round  va lucs  l nd
(hosc  i n  d i s t i l l cd  wa tc r .  Th i s  p rocedu re  e l im in : r t cs  t he  nccess i l r
[ o r  spec i f i c  ca l i b ra t i on  cu rves  f o r  u ' : r t c r  o l  d r l l e r cn t  qua l i t y .

T lb l e  I  p rescn ts  sens i t i v i t i es  and  m in rmum dc lec tub le  con -

[ : l l c e t  l l  / r l l  t l n  l l u l r c s . . : t , e c  r , l  r h o d . , r " r r r c  \ ! ' - f .  t i  f i ' c r c r r t
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Fig.  4.  El fcct  of  pH on f luorescence of  the t rucer dycs

cen t ra t i ons  l o r  t he  e igh t  dyes  unde r  s tudy  (a  Tu rne r  l l l  f i l t e r
f iuorometer  wi th  a  h igh-scns i t iv i ty  door ,  a  lar  u l t rav io le t  lamp.
i lnd the recommended f i l te r  combinat ions be ing used) .  The
ins t rumen t  r s  r eadab le  t o  0 .5% o I  f u l l  s ca le  and  i s  l i nea r  t o  lVo .
The  m in imum de tec tab i l i t y  i n  Tab le  I  i s  t aken  as  be ing  a
reuding t0% in  excess of  background f luorescence for  d is t i l led
wa te r  o r  I  s ca le  un i t ,  wh i cheve r  i s  g rea te r .  Sens i t i v i t y  r s  t he
g rad ien t  o f  t he  ca l i b ra t i on  cu rve  f o r  t he  mos t  scns i t i ve  sca le .
Thesc  va lues  w i l l  a l l  va ry  s l i gh t l y  f r om one  f l uo rome te r  t o
a  no the r .

The orange dyes have cons iderab ly  lower  background read-
rngs  t han  t he  b lue ,  wh i ch  a rc  sma l l e r  t han  t he  g reen .  By  t he  use
o I  su i t ab le  neu t ra l  dens i t y  f i l t e r s  t he  backg round  read rngs
cou ld  be  reduced  to  s im i l a r  abso lu te  va lues ,  t hough  the re
wou ld  be  a  co r respond ing  reduc t i on  i n  sens i t r v i t y .  Rhodamrne
WT and  rhodaminc  B  have  t he  l owes t  m in imum de lec tab i t i t y .
The  m in imum de tec tab i l i t y  f o r  su lpho  rhodamine  B  i s  be t t e r
l han  t ha t  f o r  py ran ine ,  desp i t e  t he  l a t t e r ' s  h i ghe r  scns i t r v i t y
T h i s  i l l u s t r a t e s  t h e  i n f l u e n c e  o i  t h e  a b s o l u t e  v a l u e  o f  t h e  b a c k -
g round  read ing  on  t he  de tec tab r l i t r es  quo ted .  Thc  r cmu in rng
f  , r u r  d y e s  h a v e  d e t e c t a b i l i t i e s  o [  a  s r m r l a r  o r d e r  o f  m a g n r t u d c .

F i g .  6  [ : l l c c t  t l I p l l o n  e x c i t a t i o n  u n d c m i s s i r l n  s p c c t r u  r r f  p l r a n t n c

T h c  l c r s t  s c n s i t i v e .  r m i n o  C  a c i d ,  h a s  r  m r n i m u m  d e t e c t a b i l i t y

s u c h  t h u t  i t  c l n  b c  r c s o l v c d  a t  a  d i l u t r o n  o f  I  n i l r t  I n  2  x  l 0 r  o f

d i s t i l l e d  w a t c r .

Tempera tu re .  F  l uo rescence  in tens i t y  va r i cs  i nve rse ly  w i th

t e m p c r a t u r e ,  t h o u g h  t h i s  r a t e  d e p e n d s  o n  t h e  d y e .  T h e  e x p e r i -

m e n ( a l  d a t a .  c o n s i s t i n g  o i  f l u o r e s c c n c e  r e a d i n g s  a t  a  n u m b e r  o I

d r f fe ren t  tempcra tu res ,  were  f i t t ed  by  a  cu rve  o f  the  fo rm

F =  F o e x ? n l

where  F  i s  the  f l uo rescence  read ing  a t  tempera tu re  f ,  f o  i s  the

f luo rescence  a [  0oC,  and  n  i s  a  cons tan t  fo r  a  g i ven  dye .  The

e x p o n e n t s  o b t a i n e d  f o r  e a c h  d y e  a r e  g i v e n  i n  T a b l e  4 .  T h e

f l u o r e s c e n c e s  o f  t h c  r h o d a m i n e  d y e s  a n d  p h o t i n e  C U  a r e  s i g -

n i f i c a n t l y  a f f e c t e d  b y  t e m p e r a t u r e  v a r i a t i o n s .  a n d  c o r r e c t i o n s

m a y  t h e r e i o r e  b e  n c c e s s a r y  r n  q u a n t i t a t r v c  s t u d i c s .  F i g u r e  2

p r e s e n t s  t e m p e r a t u r e  c o r r e c t i o n  c u r v e s  [ o r  t h e  e i g h t  t r a c e r

d y e s  d e r i v e d  i r o m  t h e  t e m p e r a t u r e  e x p o n e n t s  b y  t h e  p r o c e d u r e

o l  Feuers te in  und  Se l leck  [196 ] l  and  Wi l son  f l 968 f  The  cu rvcs

a g r e e  c l o s e l y  w r t h  t h o s e  p r e v i o u s l v  r e p o r t e d  f o r  f f u o r e s c e r n .

r h o d u m i n e  B .  r h o d a m i n e  W T ,  a n d  s u l p h o  r h o d a m i n e  B .

D u n n  a n d  V a u p e l  [  9 6 5 ]  h a v e  s h o w n  t h a t  t e m p e r a t u r e  v a n a -

t i o n s  m a v  a l s o  a f f e c t  t h e  o p e r a t i o n  o [  f  i l t e r  f l u o r o m e t e r s .  T h i s

r s  w e l l  i l l u s t r a t c d  b y  t h e  g r a d u a l  i n c r e a s e  i n  l l u o r o m e t e r  e f n -

c i c n c y  w h i c h  o c c u r s  a s  t h e  m a c h i n e  w a r m s  u p  a f ' t e r  5 u ' r t c h i n g

o n .  T h c s e  a u t h o r s  h a v c  p r e s e n t c d  a  m c t h o d  f o r  t h e  c o r r e c t i o n

o [  f l u o r o m e t e r  r e l d i n g s  b a s e d  o n  t h e  s a m p l e  c o m p a r t m e n t

t e m p e r a t u r e .  H o w ' e v e r ,  i t  w i l l  o i t e n  b e  s i m p l e r  t o  p r e p a r e  a

c a l i b r a t i o n  c u r v e  a t  a  s e l c c t e d  r o o m  t e m p e r a t u r e  a n d  c o n t i n u e

t o  u s e  t h i s  r o o m  t e m p c r a t u r e  f o r  a l l  a n a l y s e s .  \ t r ' h e n  c o n t i n u -

T A  l t i . F  5  f , f l c c t  o f  S o r J r u m  C h l t l r r d c  o n  t h t  f  l L ' J 1  i ) r u s
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Mola r  COncen l f a t 'On  O l  SOd ,um and  POtass rum Ch lo r roe

F ig .  7 .  E f fec t  o f  sod ium and  po tass ium ch lo r ide  on  f l uo rescence  o f  rhodamine  WT.

ous moni tor ing work  is  be ing carr ied out  in  the f ie ld ,  i t  i s
re la t ive ly  s imple to  take occas ional  d iscrete  samples for  la ter
laboratory  analys is .  Thesc may be used to  check the cont inu-
ous record and a lso to  cor rect  for  both machine and sample
temperature d i f ferences f rom the va lues used dur ing ca l ibra-
t ion.  Fur thermore,  i [  the samples are a ] lowed to  come to
laboratory  a i r  temperature or  are p laced in  a  water  bath,  i t  w i l l
often be necessary to check only two or three sample temper-
atures for  a  whole  batch of  samples.

Errecr  or  WrreR Qunr_rrv

pH

Figure 3  presents  data showing the var ia t ion in  f luorescence
wi th  pH lor  rhodamine WT.  The curves were prepared bv

us ing three d i f ferent  ac ids and a phosphate buf fer  syrem to
lower  the pH of  the dye so lu t ion.  l t  i s  c lear  that  d i f ferenr
curves are obta ined for  each par t icu lar  an ion,  and that  spec i f ic
in teract ions may thcrc fore compl icate  the determinat ion o f
pH/f luorescence curves. I t  wi l l  often be more satisfactory ro
use natura l  water  samples to  prepare these curves when waters
of high or low pH are to be traced.

The standard curves presented in Figure 4 were prepared by
us ing pH 4.0 ,7 .0 ,  and 9.2  buf fer  tab le ts  (obta ined f rom Br i t ish
Drug Houses Lrd. )  w i rh  hydroch lor ic  ac id  and sodium
hydrox ide to  exrend rhe pH range.  F igure 4  ind icates that  pH
var ia t ions berween pH 4.0 and pH 10.0 present  no s ign i f icant
p rob lems  w i rh  l i s samrne  FF  and  su lpho  rhodamine  B .  Rho -
dumine B and rhod: rmine wr  f luorescence is  a f fec ted ro  a
s ign i f i can t  ex rcn r  be low  pH  5 .0 ,  um ino  G  ac id  bc low  pH  6 .0 ,
and f luoresce in  and phot ine CU below pH 6.5.  Some correc-
t i on  shou ld  be  cons ide red  i n  wa te rs  w i t h  apH  l ower  t han  t hese
va lues .  Py ran ine  shows  excess i vc  va r i a t i on  i n  f l uo rescence  w i t h
pH  changes  i n  t he  range  no rma l l y  cncoun te red  i n  na tu ra l
waters .  Th is  would  prove a severe prob lem for  quant i tar ive
app l i ca t i ons  i n  wa te rs  o [  va r i ab le  qua l i t y .  These  resu l r s  a re  i n
good accord wi th  the f ind ings of  Feuersre in  and Sel leck [196 j ]
f o r  f l uo resce in .  r hodamine  B .  and  su lpho  rhodamine  B .  t hose
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A  P l r o r l ; r r r r t t r :  W I  o  P l  r o t r r r l  C U

F i g .  l 0  E l l c c t  o f  s u s p c n d c d  s c d r m e n t  c ( ) n c c n t r r l r ( l n  o n  f l u o r c s c c n c c

r r f  r h t l d u r n i n c  W T .  l i s s u n r i n c  l -  F ,  a n d  n h o t i n c  C  U .

ol Von lvl i i . rer and Sagl [967] for sulpho rhodamine B and
l ' luoresce in .  and those of  Abood et  a l .  [1969J for  rhodamine
wT.

There are two poss ib le  reasons for  the response o[  f luorcs-
cen t  dycs  t o  pH  changcs :  i on i za t i on  and  s t ruc tu ra l  changes .
The  dyes  exam ined  a re  an ion i c  (excep t  r hodaminc  B ,  wh i ch  i s
cat ion ic) ,  and as pH decreases.  lhe ac id  funct iona l  groups
become protonated.  Th is  a f fec ts  the degree of  resonancc in  the
molecu le  and reduces the amount  o f  f luorescence.  The change
w i l l  be  i ns tan taneous  and  d i r ec t l y  r e l a ted  t o  t he  d i . ssoc ia t i on
cons tan t  o i  t he  dye .  Fo r  cu rboxy l i c  g roups .  d i ssoc ia t i on  occu rs
between pH 4 and pH 6,  compared wi th  2H 6-7.5  for  phenol ic
g roups  and  be low  pH  5  [ o r  su lphona te  g roups .  Thus  t he  dyes

h l v i n g  s u l p h o n a t e  a c i d  g r o u p s  r e m a i n  f l u o r e s c e n t  t o  l o w c r  p l l

v a l u e s ,  a s  i . s  e x e m p l i f i e d  b y  l i s s a m i n e  F F  a n d  s u l p h o .  r h o -

d a m i n e  B .

l n  s o m e  x a n t h e n e  d y e s ,  s t r u c t u r a l  c h r n g e s  m a y  o c c u r : r s  p I l

d c c r c a s c s .  F l u o r e s c c i n ,  f o r  c x a n r p l e ,  c h a n g c s  f r o n r  e r  q u i n o i d

s t r u c t u r c  u n d c r  u l k a l i  c o n d i t i t l n s  t o  a  c o l r l r l c s s  l e u c o c o m -

p o u n d  u n d c r  u c i d  c o n d i t i o n s  ( F i g u r c  - 5 1 .  T h e  q u i n o n e  r i n g  i n

t h e  q u i n o i d  s t r u c t u r e  i s  f l u o r e s c c p l ,  w h i l e  t h e  l : r c l r r n c  r i r r g  o f

t h c  l c u c o c o m p o u n d  i s  n o t .  S i n r i l u r  c h a n g c s .  w ' h i c h  u r c  o [ t c n

r c v e r s i b l c .  a n ' i n d r c u l o r  e l l c c t ' t h u s  b c i n g  g i v c n .  m u y  l l s o

o c c u r  w i t h  t h e  o t h e r  d y ' c s .

l r o r  p y ' r u n i n c  t h e  v e r y  s h a r p  c h a n g e  i n  f l u o r c s c c r ' l c c  u t  p l l l  0

i s  d u e  t o  t h e  i o n i z a t i o n  o f  t h e  p h e n o l i c  O H  g r o u p .  w h i c h

c r u s c s  a  c h a n g e  i n  t h c  a b s o r p t i o n  s p c c t r u m  ( F i g u r c  6 )  b u t  n o t

i n  t h e  e m i s s i o n .  w h i c h  r e m a i n s  r t  5 1 0  n m ,  T h e  u s c  o f  t h c  4 O 5 -

n m  m e r c u r y  l i n e  i n  a d d i t i o n  t o  t h e . l l 6 - n m  l i n e  i n  t h c  p n m u r y

l i l t c r  c o m b i n a t i o n  w r l l  r c d u c c  t h e  m a g n i t u d e  o I  t h i s  c l f e c t .

E i t h e r  a  p H  c o r r e c t i o n  m u s t  b e  a p p l i c d  w h e n  p y r a r r i n c  i s  u s e d ,

o r  t h c  d y e  s h o u l d  b e  c a l i b r a t e d  i n  t h e  w i l t e r  u n d e r  s t u d y .

Sulinit.r'

W h c n  t r i . l c e r s  a r e  b c i n g  u s c d  i n  c s t u l l n n e  l n d  r r r r r r i r r c  c r r v i -

r o n m c n t s  o r  i n  b r r c k i s h  g r o u n d * ' a t c r .  h i g h  s u l i n r t r c s  u  i i l  b c

encoun te rcd  wh ich  m i l y  a l f cc t  t r i l ce r  pe r lb rma ncc .  f - t u t ' r s te in

a n d  S e l l e c k  [ 1 9 6 ] l  h a v c  r e p o r t c d  t h a t  r h o d a m i r t c  B  u n d  s u l p h o

rhodamine  B  were  on lv  s l i gh t l y  a f fec ted  by  ch lo ros i t i cs  o f  up

t o  l 8  g  l - ' b u t  t h a t  t h e r e  w a s  a  m a r k e d  e f f c c t  l o r  l l u u r c s c c r n .

U n f o r t u n a t c l y ,  t h e  f u l l  d a t a  w e r e  n o t  p r e s e n t e d .  n o r  w e r c  t h c

exper imen ta l  me thods .  Tab le  5  shows  the  e fTec t  o [  t r vo  concen-

t r a t i o n s  o f  s o d i u m  c h l o r i d c  o n  t h e  t r a c e r  d y e s ;  t h e s e  c o r r e -

s p o n d  t o  c h l o r o s i t i e s  o f  3 . 6  a n d  1 7 . 8  g  l - ' .  F l u o r e s c e i n  e x h i b -

i t ed -  no  dec rease  in  f l  uo rescence  w i th  i nc reas ing  sa l i n i t y .  bu t

s u l p h o  r h o d a m i n e  B .  r h o d a m i n e  B .  a n d  r h o d a m i n e  W T  w ' e r e

u l l  a f f e c t e d .  E a r l i e r  e x p e r i m e n t s  h a v e  g i v e n  m u c h  n r o r c  s i g n i l i -

c a n t  r e d u c t i o n s  i n  t h e  f l u o r e s c c n c e  o I  r h o d a m i n e  W T  ( F i g u r e

7 ) .  N o  e x p l a n a t i o n  c u n  b e  o [ T c r c d  f o r  t h e  d i l l e r c n c e s  i n  b e h a v -

i o r  b e t w e c n  t h e  t w o  t c s t s .  w h i c h  w e r e  c o n d u c t c d  s c v c r u l  v c a r s

a p a r t  i n  d i f l e r e n t  l a b o r a t o r i c s  a n d  o n  d i f f e r e n t  b a t c h e s  o I  d y e .

W , l v t ' l l r ' 1 ; l t  '

F r q .  l l  I  n t r s r r o n  s p c { j t r a  t l l  s r r r t t .  n . t { u ' . r l l l  r t e c u r n n g  p r { n r . - ' I  ]

n a t c s  { ( ' h r i r t n t u n  o n d  t V r n e o r .  1 9 6 7 .  t i I i . r r c  l r ,  c u r v c  ] ,  R r t c r  l - r t r r r , :

e x t r : r c t  i ( ' h r t s t , n o n  a n d  O h o . r . s e m r .  l 9 f r h .  l i t g , r i ' e  J f  ,  c u r v e . l .  S t r w a r r " t '

f u l ' , e  a , , r t J  c r i i l c t  l - r g r r t  s , r r l  l S e a l  e t  u l  i t ) i . ' , .  f r r g u r e  l l .  r r i r v e  b .  ^  ,

p h r r ' 1 ' r g r l l n r r n  ( c u r v e  6 o ) a n d  p h v c o c v i t r ' r r  / , - ' , i r " ' e  6 1 t )  [ R , r l r , n t , " ' r r , '
n r t w , , h , ' . i f  F , C u f C  . '  i .  ] l

'  ; l r r r l  l l L ,  i i - \  , J r l  C ( ) i l t [ 1 ( ) U n i l :  (  L ; r . . t  :  L : ] 1 6  : 1 1 j J r f 1  ,

l | \ t t t ( t . t  ( '  i t !  ; ' r n ; ,  F r g r t r C  l l .  e  L r r . , c  l .  l ,  r i i l r s  l r r  l l , r r r
:  R r ' , r r  i ! l r i  ^  t ) n . : l  ( .  h r r t t m o n  l , ) h  I  |  .  , , -  I  l .  u u t ! f  \

, t ' f  c \ t . , r  - r  , r l  i t r i  . t i ! , i c  t i  i l l c f r r r  I  . l  1 , . , 1  l l i  ,  t  r u  p r E m f  r r l
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TA BLE 6 .  Background  F luo rescencc  Expressed  us  A  pparen t  Dye  Conccn t ru t i on
fo r  Sc lec tcd  F ie ld  S i tua r ions

B lue  F i l t c rs ' C r c c n  F i l t c r s '  O r u n g c  F i l t c r s .

Sanrp le  Or ig in Samples ,Y s . d .Xs . ds . d .

{ 6  h o u r s  d u r i n g  u  s t ( ) n l l  c ! c n t
{ 6  h o u r s  a f t e r  a  s l o r n l  e v c n t

Kurst Resurgence, ,\l endip.t
: 4  l l . 9
2- l  6.9

6.- l
0 . {

5._s 0.05 0.Gl
8.1  0 .07 0 (X
6."1 0.06 0.05

A griculturul ( 'utchntent, South Crtt.s*tl ls
J l t  days in Octohcr 197.1.  tow f low g0 . ' t6.5 t6.5 |  I  .0
2 l  d a y s i n J u l y  l g T 4 . s u m m c r s t o r m  6 J .  5 1 . 5  l l . 5  Z l . 0
23  days  in  Junuary  1975 ,  h igh  f l ow  - i 0  47 .Z  1 .5 .0  21 .6

Kar.r! Area, Central Jamoita We.rt lntl ie,s lJ u,eeks in
Croundr * 'a re r  f rom p roduc r ion  we l l  l 6  |  . l  7 .6  |  . 5
Sou thc rn  sp r ings  l {  |  1 .4  l : . . 1  Z . . t
l o r l hcoas tsp r ings  J l  t 4 .4  1 . . t . 2  . f . 0
Surfacc stre.rms _16 l_1.2 9 l l  j  2
Spr ing  po l l u ted  hy  haur i r c  e t l l ucn r  j  t t - i . J  l J  9  I1 .0

June l97J )
t . 9  - 0 . 0 t r
2.O 0.(ruE
l . . l  0 .0 t1
1 .5  0 .029
J.- ' t  0. |  0

0.(n8
0.0t_ ' l
0 021
0.0.s2
0 . 0 1 4

Figure 7  presenrs  deta i fed data lor  the e f fcc t  o I  sod ium and
po tass ium ch lo r i de  concen t ra t i ons  on  t h i s  dye .  l t  i s  c l ea r  t ha r
there is  a  s ign i l icant  d i f ference between the two s l l rs .  pcrhups
re la ted  t o  t he  a l ka l i  i n  wh i ch  rhodamine  w r  i s  d i sso l ved .
Fu r the rmore ,  t he  e f f ec t  o f  t he  sa l t s  was  no t  i ns tan taneous ,  r l
gradual  decay occurr ing over  a  per iod o f  up to  100 hours .  Th is
may  exp la i n  dye  l osses  i n  r r ace r  t es t s  i n  sa l i ne  env i ronmen ts .
wh . i ch  have  p rev ious l y  been  a t t r i bu ted  t o  adso rp t i on .  Fu r the r
work is  c lcar ly  needed i f  rhodamine WT is  ro  be used for
q u a n t i t a t i v e  w o r k  i n  s a l i n e  w a t e r s .

Chlorine

In  some  spec iu l i zed  app l i ca t i ons ,  pa r t i cu l , r l y  h i gh  concen -
t ra t i ons  o I  o the r  compounds  may  be  p rcscn r  f  n  such  cases  i t  i s
n e c e s s J r - y -  t o  c v J l u u t e  t h c  b e h a v i t l r  0 f  t h c  t r l c c r  r n  t h l r l  s v , s t c m .

C U .  l i s s r m r n e  F F .  u n d

c l  l r  b ru  i  i t l n .

rhodum inc  WT,  r cspcc t i vc l v .

Deaner  I l 97 l J  has  inves r iga red  the  e f fec t  o f  ch lo r ine  on  rho -
d a m i n c  B  a n d  r h o d a m i n e  w r  l ' o r  u s e  i n  c h l o r i n e  c o n r a c r
chumbers .  He  showed  tha t  the  re  was  a  p roBrcss ive  loss  o f
f l uo rescence  * ' h i ch  was  independen t  o l ' dye  concen t r i l t i on  and
m o s t  r a p i d  a t  h i g h  c h l o r i n e  r e s i d u a l s ,  t h o u g h  n o  s i n g l c  r a t c
c o u l d  b e  o b t a i n e d  f o r  a  g i v e n  r e s i d u a r  b e c a u s e  o f  t h e  c o n r i n u -
o u s  l o s s  o f  c h l o r i n e  f r o m  t h e  s a m p l c s .  F i g u r e  g  i s  a  p l o t  o f  r h e
da ta  in  Deaner ' s  Tab le  I  show ing  the  e f fec t  o f  ch lo r ine  a f t c r
e x p o s u r e  t i m e s  o f  2 .  5 .  a n d  2 0  h o u r s .  T h c  d u t a  i n d i c a t e  r h : . r r
r h o d a m i n e  w r  i s  m o r e  r e s i s r i l n t  t o  c h r o r i n e  t h a n  r h o d a m r n c
B .  H o w e v c r .  t h e  d a t u  i n  D e a n e r ' s  F i g u r e  - S  s h o w  a  J l T o  r c d u c -
t i o n  i n  f l u o r e s c e n c e  a l t e r  5  h o u r s  a t  2 2  m g  l - r i n i t i a l  r e s i d u r l
c h l o r i n e  c ( ) n c c n t r a t i o n ,  c o m p a r e d  w i t h  o n l y  . t n  g v o  r e d u c t r t > n
i n t e r p o l u t e d  f r o m  r h e  r e s u l t s  i n  h i s  T a b l e  I .  T h i s  m r '  b c
r c l a t c d  l ,  r h e  h i g h c r  s u s p e n d e d  s o l i d  c c l n c c n t r J t i ( ) n  i t r r  t h c
F i g u r c  5  s a r n p l c s  ( 4 0  m g  l - ' c o m p a r c d  w i r h  2 2  m g  r  ' f o r  T r b r c
l ) .  i n d i c a t i n g  t h i r t  d v c  r d s o r p t i o n  m l v  l l s t - r  b e  c o n r r i b u r r n g  r t r
t h c  r c d u c t i o n  i n  l l u o r c s c e n c c .  F r l r  s h o r t - t J u r a t i o n  t e s t . s  u r  n o r -
m a l  c h l o r i n c  l ( ) s J g e  t h e r e  w i l l  n o t  b c  J  s r s n r l i c u n t  r c c j  u c t t ( ) n  r l
t h e  l l u r r r c s l c ^ c c  o I  r h o d a m i n e  B  o r  r h o d l r m i n c  w r .  b u r  i o r
d u r l t r . n s  o v c r  2  h , u r s ,  J p n J r c n t  d 1 e  l o s s c s  m u s t  b c  t J k c ,  I n [ ( )
c o n s i d c r u t i o  n

llutl, g rt tund

r \ n  r p p l r c r r t ' r  r c l r l  f l u . r e s c e n c e  b l c k g r o u n d  r n  w l r t c r  s u r T r -
p l e s  t l k c n  [ ' r  d ' e  u n a l v s i s  c J n  c a u s e  s e v c r u l  p r o l - r l e m s  i n  r r a c c r
s l t t t j t c r  l t  n t  l ' ' , '  r r t . r . l .  v c r r  l o r v  q g p g a r . t t r i . l  t t ( ) n s  t r l  l h c  t r i l L . i r  ( ) r
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s u . t p t ' n t l t ' t / , t ' i . t t t r ( t r ! .  T h c  p r c s c n c e  o i '  s u s p c n d c r j  s c t j i r l c n t
r l  i scs  l t pp i r  rL - , !  t  b  l r , -  i  t  rou  n t j  l l  uo resccn  ce  l  n  t J  r cd  u , , c r  c l l  c .  r  r , , . c
t l r c  t l u o r c \ c L - : i , c  b . - , - ; r u s c  t l l  l i g h t  u b s , r p r t ( ) n  , 1  . ( l  \ L r u c r  i i  r ) \
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' ' l ' h c s c  d c c u l  r i t l c s  r c f c r  t o  c r p r l s u r €  o l ' d r y  d 1 c  u n a l v z c d  a s  l  s o l u t i o n .
t l : r p r c s s c d  u s  h a l f  t h c  a c t u l l  d c c a y  r a t c  l o  c ( ) r r c r p ( ) n d  t o  c n v i r o n n l c n t l l  r l r t c s .  l l  h t t u r s  r t l ' d l r | . . r r c s s  h c r n c  i n c l u d c d .

i nd i cu t ing  th : r t  t he  inc rea .sed  absorbence  due  to  suspendcd
s c d i m c n t  b c c o m c s  m o r e  i m p o r t a n t  t h a n  t h c  s c a t t c r i n g .  A s
wou ld  be  expec ted .  th i s  e l l cc t  occu rs  a t  l ower  scd imcn t  conccn-
t ru t i ons  fo r  the  shor te r  r vuvc lcng ths .  and  in  [ac t .  t he  f l u t t res -
c e n c e  r e a d i n g s  f o r  t h e  b l u e  f i l t e r  c o m b i n a r i o n s  a r e  r e d u c e d  t o
t h c  b l a n k  v a l u c s  a t  q u i t c  l o w  s c d i m e n t  c o n c c n t r a t i o n s .

F igu re  l0  g i ves  the  reduc t ion  in  f l uo rcscencc  o [  a  dye  so lu -
t i o n  f o r  s e d r m e n t  c o n c e n t r a t i o n s  o [  u p  t o  1 0 0 0  m g  |  , .  A b o v e
t h i s  c o n c c n t r a t i o n ,  a d s o r p t i o n  o f  t h e  t r a c c r  o n r o  t h c  s c d i m c n t

m a v  b c c o m e  a n  e x p e r i m e n t a l  p r o b l e m .  T h e  c f f e c t  w a s  f o u n d  t o
b c  r n d e p e n d c n t  o f  d y e  c o n c e n t r a t i o n .  T h e  b l u e  c m i s s i o n  w a v e -
l c n g t h  i s  c l e a r l y  a f f c c t e d  m u c h  m o r e  t h a n  t h e  g r c c n  i l n d  o r -
ange .  The  avc ragc  o [  the  du ta  p rescn tcd  by  F tue r . s te in  and
S c l l e c k  [ 1 9 6 - ] .  F i g u r c  7 ]  l o r  t h e  o r a n g e  f i l r c r s  s u p p o r r s  t h c

. u e n c r a l  t r c n d  o I  t h i s  d u t a  b u t  n o t  t h e  a F r s u l u t e  m ; r g n i r u d c .  T h i s
r s  p r o b a b l y  d u c  t o  t h e  d i l l e r c n t  s e d i m e n r .  u s c d .  F i n e  w h i t c
s c d i n r e n t  n r a y  i n  [ a c t  i n c r c i l s e  J p p u r c n t  l l u o r c s c c n c c  c v c n  J t
s c d i m e n t  c o n c e n t r a t i o n s  w h i c h  a r e  v e r y  t u r b r i d .  r v h i l c  t h i s  r s
n e v c r  t h e  c a s e  w i t h  d a r k - c o l o r c d  s e d i m e n t s .

I n  m t l s t  c l s c s ,  i f  t h e  s u s p c n d e d  s e d i m c n t  r s  a l l o w , c d  t o  s c t ( l c
o u l  l ' t l r  a  p e n o d  o f  l 0 - 2 0  h o u r s .  s u b s t a n t r t l l v  c o r r c c t  d v e
c ( ) n ( ) c n t r a I r ( ) n s  r n u v  h e  o b t a i n e d  f r r r m  t h c  d c c u n t c d  s a m p l c .
l i t t r  s c d i m c r r t  c ( ) n c e n l r i l t i o n s  b e l t l *  l ( X ) 0  n r c  I  ' .  a d s o r p t i t r n
u i l c c t s  r v i l l  n o t  t - r c  a  p r o t r l c m  u n l c s s  t h c  s c d i r n c n t  r s  c x t r c n r e l l
l l r t e  L l r  c o n t , r i n s  m u c h  o r g i l n i c  m a t t c r  F o r  s u c h  c l s c s  o r  u h c n
r e i r U i n g s  i t r c  r c q u t r e d  i m m c d r l r t c l l  l h c  s l r r n p l c  n t a l  f r c  c c n t r r -
(  r g r , 1  l r )  r : l n o v e  t h c  s c t l  i m c n t  \ \  i : c r r  t r . r c e r  r j _ r c s  l r r e  h c r n g
n r o n r t o r c t i  r r r  t h c  t r c l d ,  r r r t h  c r t l r r . r  r : r r i  r r r r . i u l r i  s l n r p l c s  r l r  l r
1 - ( ) n l r n t i ( ) L i  r ' l ( ) \ r ' s i l n t p l t r t t  s r s t c r T t .  i l  i .  ' ) l l c n  n L L c \ \ J r t . t t t  r t b ,

l . l n  r n l o r r n . r t r c ) n  t n r r n e r i  r u t c l v '  I n  s u e  n  t J \ c s  ' , !  f r c r c  r l .  i s  n o i

l r l s \ r r r l c  [ , ,  L ] i : n t r r f u g c  t h c  S l t r r r p l c s .  i 1 l l r . , 1 t ( - r n  u \ , s 1 , 1 ,  d i s t r l l c d  w a -

i , : r  l - . r  \  b c t : ;  i o L r n d  t o  g i v c  c x c c l i c n l  i c s r r i t \ .  c ! , e  r i  w , i t h  s c d t m e  n (

d is t i l l cd  wa te r  was  found  to  i nc rease  read ings  6v  5ovo  ro r  a
p e a k  c o n c e n t r a t i o n  o f  8  1 r g  l - '  o f  r h o d a m i n e  W T .  F u r t h e r -
m ( ) r e .  t h e  t e c h n i q u e  a l l o * ' e d  s i l t i s f i l c t o r y  d e t e r m i n u t i o n  o f  t h e
I , w - c r n c e n t r a t i o n  t l i l  o I  t h e  t r a c e r  p u l s e .  w h i c h  \ r , i r s  c o m -
p l c t e l y  o h s c u r c d  b y  t h e  v e r l , h i g h  s e d i m e n t  c o n c e n r r a t i o n s .

Bockgnrund f luure.rcence.  Unl ikc background problerns
causcd  by  suspended  sed imen t .  t hose  caused  by  na tu ra l  f l uo -
rcsccnce  a re  w ide ly  r cpo r t cd  lFeuer . r te rn  and  Se l leck ,  196 ] ;
L l ' r ig l t t  anl  Col l ings,  196.1:  Arrochtnnrus.  1967. Drew, l96g:
Bro* ' t r  and  Ford .  197  |  l .  The  cause  o f  th i s  f l uo resccnce  has
f requcn t l y  been  u ' rong ly  asc r ibed  to  thc  f l uo rescence  o f  a lgae .
c s p c c i a i l y '  C h l o r e l l u .  a n d  t o  o r h e r  n a r u r a l  p l a n t  p i g m c n t s .  T h e
r n a l o n t l ' o l ' a l g a e  a n d  p h y t o p l a n k r o n  c o n t a i n  r h e  g r c c n  p i g -
m e n t  c h l o r o p h y l l .  u . h i c h  h : r s  a  s r r o n g  r c d  [ l u o r e s c c n c e  p c a k i n g
a t  6 5 0  n m  ( F i g u r c  I  l .  c u r v e  7  ) .  C l c u r l ) , ,  r h i s  w r l l  c i l u s e  v c r v ,
l i t t l e  t l u t r r e s c c n c c  i n t c r f c r e n c c  e v c n  w h c n  t h e  o r a n g e  l l l t e r  c o m -
l - r i n : - r t r o n  i s  u s e d .  S o m e  r e d  a l g a c  d o  c o n t a i n  p h y c o e r y t h r i n .
w h r c h  h a s  a  f l u o r e s c c n c e  m a x i m u m  a t  5 i { 0  n m .  c o i n o d e n t  w i t h
t h e  r h o d a n r r n e  e m i s s i o n  p e a k  ( F i g u r c  I  l .  c u r v e  6 )  l { o w c v e r .  r t
h . s  b c c n  w r d c l y  r e c o g n i z e d  t h a t  t h c  b a c k g r o u n d  t l u o r c s c e n c e
; r t  t h e  g r c e n  ! * , a v e  b a n d  i s  m a n v  t i r n e s  s t r o n g e r  t h . r n  t h a t  a t  t h e
( ) r r n g c ,  * ' h r c h  i s  r l r c l y  I  m a j o r  p r o b l c m .  T h e r e l i r r e  r t  r n i l y  b c
c ( ) n c l u d e d  t h a t  t h c  l l g a l  p i g m u n r \  a r e  n o t  u n  i m p d r t l n t  c l r r s c
o l '  b u c k g r t r u  r r d  f l  u o r c s c e n c c .

\ 1  o s t  n l r t u n t l w a ( c r s  c o n t a i n  d r s s o l v . c d  a n r J  c o l l o i t J . r l  o r p i l n t c
n r J t t c r  w h r , . ; h  w h c n  i t  r s  s u l l i c i e n t l v  c o n c e n t r a t c d  p r o d u c e s  a
r r r  ; t  r k c d  \  c l l  ( ) w  / b r t t w ' n  C r t l r l r i  t  t r t n  I  B / a t - (  u n d  C  h  r r t r , r o r .  i  ( ) 6 - l  

I
I  l r r s  n r l ( c r  r l  c r l n s i s i s  o f  c o m p l c r  p , r l v r n c r i c  h v d r , r r r ' - c l r b t l x r ' 1 .
, .  i r  f r ( l  J r r ) f  i J t r c  a e r d s  l [ . t t r n o r ,  l ( l r ' . \ ] .  r t h r c h  f ' r e q r c n i l y  c t l n t . r r n

i i t r ) w n  l l L , , ' r c s c c n t  s t r u e t u r e s .  i  r u i r  r s  l l  p r c s c r r t r  l l u 0 r c . c c n t
' | : r n r \ \ r 1 ) f r  5 " ' i c t r a  r e p o r t c d  r n  ( h c  i r t c r a t u r e  l ' ( ) r  J  n u m b c r  ( ) l
r i , i t r l r i r l  w r r i c r s  a n d  s o r i  a n d  p t , t r , {  e { t r i r c t s .  F - m r i r r i t n  n t i l \ u l l l r

L t ) n L : n l r u l r , ' r r s  r l l  s e v g r , , l  t h t l u r u n ( l  I r r r l l r g r . | r l s  r . : r  l t ' , c r  [ [ ' e t r t  1 r , e  u r  i r i  w , r ' c i c n g t h s  i r r t r l  . 1  ] 0  1 , ,  l ] ( ]  n m  f r ) r . ,  , l i r  i . l t l  r v , r  t c r s
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cence was s t rong.  Fur thcrmore,  recent  work  has shown rhat
the to ta l  organic  carbon (Toc)  concent ra t ion in  a  range of
po l lu ted and natura l  waters  cor re la tes l inear ly  wi th  f luores-
cence measured over a wide wave band between 400 and 600
nm [Smart et al., 1976l.

The mean and s tandard dev ia t ion for  background f luores-
cence va lues dur ing a  ser ies  o l 'dyc tes ts  conducted in  unpol -
l u ted  l imes tone  bas ins  i n  t he  sou the rn  co t swo lds  and  Mend ips
(un i t ed  K ingdom)and  i n  a  ka rs t  a rea  i n  cen t ru l  Jama ica  a re
presented in  Table  6 .  As would be expected.  the b lue and green
background va lues are much h igher  than rhe orange,  as is  rhe i r
s tandard dev ia t ion.  Thc var ia t ion is  due to  both between-s i te
var ia t ions caused by d i f fercnces in  the water  sources ( i l lus-
t ra ted by thc  Jamaica va lues)  and tempora l  var ia t ions a t  a  s i te
causcd by s torm f low ( i l lus t rarcd by the Mendip resurgence
data) .  H igh ly  var iab le  va lucs are [ound for  so i l  warer ,  sur lace
runof f  f rom c lay so i ls ,  and r ivers  rece iv ing sewage or  agr icu l -
tura l  e f f iuent .  whi lc  lower  more constant  f igures r re  obta ined
f rom groundwater  bodies sampred in  pumping wei ls  and
spr ings.

Because of  the h igh background at  rhe green und brue wave-
lengths thc  sens i r iv i ty  o f  the analys is  for  these dyes has been
rcduced lrom that obtained by orher workers (Feuerstein and
Selleck, 1963: Von M6ser ond Sagl, l967l. The appurent in-
crcased d iscr iminar ion o f  a  h igh-sens i t iv i ry  f i l te r  combinat ion
is  ncgated by the cor responding incrcase in  the var iab i l i ty  o f
the background.  At tempts  to  separate  buckground f rom dye
ffuorescence by physicar and chemicar techniques have proved
unsuccess[u l  because of  the chemica l  s imi lar i ty  o f  the com-
pounds produc ing the background ro  the dye i rser f .  Thus a
thorough knowledge of  the range of  background var iar ion is
required when grecn and brue f luorescent dyes are being used.
This  is  rare ly  necessary  for  the orange dyes because o[  the
rnuch lower  background readings.

Given rhe spect rar  un i formi ty  o f  background f luorescence.  i r
is  somet imes poss ib le  to  graph in tercorrerut ions o f  brue.  Brecn,and  o range  f l uo rescence  va lues .Any  i nc reasc  i n  t he  back_
ground va lue at  a  g iven wavelength wi l l  be re f lecred by u
pa ra l l e l  i nc rease  a t  t he  o the r  wave reng ths .  Thus  a  sump le
con ta in i ng  dye  w i l l  have  a  s i gn i f i can r  pos r r i ve  dev iu r i . n  l r om
the  mean  co r re la t i on  t i ne  be tween  r cac r i r gs  a t  t ha (  wa rc l cnp th
and  those  a t  bo th  o f  t he  o the rs .  The re  i s  o f t en  c rns idc rab rc
s c a t t e r  i n  s u c h  p l o t s .  w h i c h  r i m i t s  r h e i r  s c n s i r i v i r y .  T h c  t e c h -
n ique  may  no t  wo rk  i I  t he  sampre  i s  pos i t i ve  l o r  bo th  f i r t e r
comb ina r i ons  p lo t red ,  bu t  by  us rng  t he  t h i r d  wave reng th  i r  i s
o f t en  poss ib l e  t o  p rove  t h i s  case .  F igu re  l 2  shows  the  co r r c ra_
t ron  ob ta ined  be twecn  backg round  f l uo rescence  a r  t he  b r rue
and green wavelengths for  76 water  samples f rom scvera l
samp le  l oca t i ons  ove r  a  pe r i od  o f  t 0  days .  The  co r r c l a t ron
coe l f i c i en r  i s  0 .54 ,  wh i ch  i s  s ta r i s t i ca l l y  s i gn r f i c rn r  a r  t he  99 .5vo
l cve l .  A  l so  shown  a re  l i nes  rep rescn t i ng  t hc  t i c v r l r t r on  l r om thc
bes t  l i r  l i n c  t h rough  rhe  r j a ta  p roducec l  by  t he  p rcscncc  o f  one
d y e  r n  c o n c e n t r i l t i . n s  o r  r 0  a n d  2 0  s g  r  '  r r  r s  c l c i . r r  r h a t  a
m i n i m u m  c ( ) n c c n r r u t i r n  o i  r 5 s g  r  r o l ' r i s s a m i r c  F F  u n d  2 0 p g
I  '  o f ' p h o t i n e  c L J  w r i l  b e  n e c e s s a r y  i n  t h c  s a m p l €  r o  b u  r c a o r r r
separab le  l ' ronr  background f luorescence
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of i ten decompose owing to  ox idat ion and orher  chemica l
changes.  The ra te  o f  th is  decay wi i l  depend on the energy o f
the inc ident  l ighr  beam. Thus photochemica l  decornpos i r ion is
dependen t  on  bo th  l i gh t  i n tens i t y  and  wave reng th ,  u r t r av io re  t
f ight  caus ing morc rap id  decomposi t ion than ronger  wave-
l eng ths .

I t  is  vcry  d i f f icur t  to  obta in  photochcmicat  decay ra tes which
have d i rect  app l icat ion to  f ie rd  condi t ions becuuse decomp'sr -
t i on  i s  dependcn t  on  dye  concen r ra r i on  and  r i gh r  i n rens i r y .
Table  7  g ives decay coef f ic ienrs  repor ted in  the r i t i ra ture for  an
exponenr ia l  dccay of  the form

F = F,  exp - t l

where fr is ini t ial  f fuorescencc, f  is f luorcscence at t ime r, and
A is the decay coeff icicnt. The decay rares are very high for
f luorescc in .  which rap idry  roses i ts  f luorescence under  br ighr
sunl ight  condi t ions.  su lpho rho iamine B is  less a f fecred than
rhodamine 8.  bur  l issamine FF appeurs  to  be an order  o f
magni tude bet ter  than these two.  The ra tes presented probabry
represent  maximum varues for  f ie rd  condi t ions.  where warer
depth and rurb id i ry  wi i l  cons iderabry  reduce rhe average r ighr
in tens i t ies .

comparable  varues [or  the dyes evuruated in  th is  s tudy are
a lso g iven in  Table  7 .  The very  fas t  decay of  phor ine CU under
a l l  l ight  condi t ions prccrudes i ts  usc as a  quant i ta t ive water
tr i lcer '  This ulso appries to f luorescein [Feuersrein antr sei leck,
19631 and pyran ine,  which was prev iousfy  thought  to  be reu_
sonably  srab le  [Drew,  r96El .  The orang.  huor . r i .n t  dyes and
l issamine FF exh ib i r  row photochemicar  decay ra tes such that
no correct ion wi l l  be requi rcd for  tes ts  o f  up to  I  week in
durat ion.  l t  i s  s ign i f icant  that  the d i f ference be i*een the decay
rates lor  a  &hour  exposure to  sunr ight  and a 6-hour  exposurc
to art i f ic ial l ight become.s progressivery higher for dyes ab.sorb-
ing a t  shor ter  wavelengths.  Th is  ra t io  var ies  f rom i -c  t imes for
the orange dyes to  over40 t imes for  the b lue dyes.  as would be
expec ted  g i ven  t he  much  g rea te r  u r t r av io re t  abso rp t i on  o f  b ruc
dycs  t oge the r  w i t h  t hc  s i gn i f i can t  u l t r av io fe t  con t cn t  o f  sun -
l i gh t .  Am in .  G  ac id  hus  a  row  pho rochemic i l l  dscav  ra r c
comparcd wi th  o thcr  t - r lue f luorescenl  dves.

Chentical decat,.  Feuersrein and Sellec,k [196]l  und t4/att
[ 1 9 6 5 f  h a v e  b . r h  r c p o r r c d  r h u t  v i g o r o u s  n g i r . r i o n  o f  d y e  s o r u -
t i .ns  mav c i ruse rcduct ion in  f ruoresccnce cven un<Jcr  dJrk
cond i r i ons .  wu t r  i l r t emp tcd  a  sys tem i l r i c  s tudy  o r -  t h i s  e l r cc r
bu t  expe r i enccd  cons ide rab le  expe r imen ta l  d i l f i cu l r i c s ,  l i nu l l r
conc lud ing  t hu t  r hodamine  B  w i . r s  more  suscep t i b l c  t han
rhodun r i nc  WT o r  su lpho  rhodamine  B  t o  t h i s  r vpe  o I  cJec rv .

N o s r t > s t _ r R p T t  v , E  D y  f ,  L o s s

P h o t o c h t ' n t r t ' a i  i /  e c a y , .  W h e n  c o m p ( ) u n ( 1 s  l r o s ( | r b  ! r c h t  e n _
e r g y .  t h c  r n o i r c L r l e s  h c c r ; m e  e x c i r e c l  . r n c l  l i r s c r J  t ( )  J  h i g h e r
e n e r p v  \ t i r r i i  f  l u r i r c s e e n c e  i s  c a r r s e d  * , h c n  l h c  m . i e c r r l . , l s  r - c v t ! - t
t 0  t f l u  l t ) w c t  c n c i q v  S t a t c  b y  t h c  C m r S . . r O n  i r l  l i r : h t  I  l _ , e  h i g h
c n c r g " v  s t i r i e  \ r ' r i r  a r s 0  t l r k e  p a r t  i n  c h e m l c l r i  i : ; , i r i r ( ; r s  m o r c
r e a d r i v  I h t i  !  l h , . :  i - l r , ; c  s ( J i c .  f  h u . s  a s  C o f i r e q l r r n r l r  , l ] r r ) r r : , i _ g .  

l h c v

L t r -  L "

r r g  I r l a t . r ) r l  ( j l  , -  l : t t  ( ) l  . i L  l r \ i .  i i ,  j

' r '  : h r , ( j , t r r r , . , a  \ \  J



S r t e r t  r s o  L , r t t r r  e * :  D t  F  T n e r ' t , x s 25

l l c  r c p o r t c d  l i t t l e  o r  n o  s i g n i l i c l n t  l o s s  f o r  t h c  d y c s  o v c r  a  J -

d . r r  p c r i o d  o I  u g i t i r t i o n  o r  l t l ' t c r  a  s i n t i l l r r  p c r i o d  w i t h  o x v g c n

f r u b h l i n g  t h r o u g h  t h e  s a r t r p l c .

T h c  c r p c r i n r c n t l l h l a n k  s o l u t i o n s  u s e d  i n  l l l  t h c  c x p e r i r n e n t s

r c p r r r t c d  h c r c  h l r v c  b s c n  [ o u n d  s t u b l c .  c v c n  r +  h c n  t h s l '  a r e

i r r r t u t c d .  C h l r r g c s  i n  t h c  p t {  o l ^  u r r b u l l ' u r c d  p y r u n i n e  s u n t p l e s

i l I t \  c l r u s s  r ' ; . r r i l t t i 0 l t  i r t  l l  u o r c s c c n c e .  u t l d  i n  c t l n t m o n  w i t h

p l r o t i r r c  C U  l n t J  l l u o r e s c c i n .  i t s  h i g h  p h o t o s e n s i t i v i t y  n r a v

r c \ u l t  t r r  s i u t t i l i c r r n t  d c c i l ) ' ( ) \ ' c r  t h c  s h o r t  p c r i o d s  u h e n  t h c s c

\ : r l r l ) l c s  u r c  r c m o v e d  f r o n r  d a r k  c o n d i t i o n s ,  C .  K .  T u r n e r
. \ r roe i l r t cs  r cp ( ) r t s  the  rcduc t ion  t l f  rhod : rm inc  B  f l uo rcscc t l cc

i r r  e r t r t t l t c t  r v i t h  r l t c t u l s .

l l i t n l cg rudur i t t t r .  Thc  suscep t ib i l i t y  to  b iodcgr i rda t io r t  o f  ; . r

t r i r L u r  d y e  i s  s i g n i l i c u n t  b c c a u s c  c x p e r i t n c n t s  n l i t v  f r e  c u r r t c d

r r u r  i r r  b i o l o g i c a l l y ' h o s t i l e  c n v i r o n r n c n t s .  f o r  i n s l u n c c ,  u c t i -

r , r r c t l  s l u d g c  s v s t e m s  I S c a l f  e t  a / . ,  1 9 6 8 ] .  * ' h c n  t h c  t r a c e r  m u s t

h c  c o n s e r v u t i v e .  l l o w c v e r .  o v e r  t h e  l o n g  t e r m  i t  m u s l  n o t

p e r r r s t  i r r  t h e  c n v i r t t n m e n t .  a l t h o u g h  b e c l t u s e  o [  t h e  l r t *  d o s -

: r g c \  r l ( ) n l l r l l v  u s c d .  t h i . s  s h o u l d  n o t  h e  a  p r o b l c m  e x c c p t  [ ' o r

L r j r i r r n u ( ) u s  d i l u t i o n  l l o u '  g u g i n g  l G o t x l a l l  e t  u l . ,  1 9 6 7 1 .

l ' t t t t r . r t e i t t  u n c l  S t l l c c k  [ 1 9 6 - ] J  r c p o r t c d  u d s o r p t i o n  i s o t h e r n t s

I o r . r  h i g h - r : r t c  s c w r g c  o x i d a t i o n  p o n d  e l l l u c n t .  b u t  o v e r  t h c  l -

l r ( ) u r  l ) c r i o d  u s c d  f o r  c q u i l i b r r t i o n ,  b i o d e g r a d t t i o n  w u s  p r o h -

. rh l r  s r r r r l l ,  f ' r r t< 'hu rd  and  ( ' u rpen tc ' r  [ 19601  rcpor t  t hu t  rho -

r l r r r n i r r c  B  i n  l  s u r n p l e  r v h i c h  c o n t a i n e d  I  l a r g e  a l g a l  p o p u l a t i o n

,h r r r r cd  no  mcasur i rh le  dcc reasc  in  f l uo rcscencc  ovc r  a  pe r iod

o f  J  d i t v s .

E r p e r i m e n t s  o n  t h e  b i o d e g r a d a t i o n  o [  t h e s e  t r a c c r s  u s i n g

h i o l o g i c a l l y  a c t i v e  m u t e r i a l s  a r c  d i l f i c u l t  t o  c o n d u c t  b e c a u s e

l h c  r c l a t i v e  m a g n i t u d e s  o f  a d s o r p t i o n  a n d  b i o d e g r a d a t i o n

l r r s \ c S  i l  r c  n o t  k n o w n .  F u r t h c r n r o r e .  t h e  p o p u l a t i o n s  p r e s e n t

: r r c  n t ) t  s t l b l e  t h r o u g h  t i m e .  a n d  v e r v  h i g h  b a c k g r o u n d  v l l u e s

r r r r n  h c  c n c o u n t c r e d .  F i g u r e  l J  s h o u ' s  d l t a  [ o r  u d s o r p t i o n  o n

t r r  o  d i l l c r c n t  c o m p o n c n t s  o f  a  m i x c d  l i q u o r ,  s u b s a m p l c s  o I
r r  h i c h  h l d  b c e n  s t e r i l i z e d  b e f o r e  a d d i t i o n  o I  t h c  d v e .  T h e
r r x r r k c d  d i l l ' c r e n c c  h r c t w ' c e n  t h c  c u r v e s  f o r  t h e  s t e r i l i z e d  u n d  l i v e
. r r h s l r r r r p l c s  i n d i c a t c s  t h l r t  l h e r e  w i l s  u  s i g n i f i c a n t  n ( ) n -

: i d s o r p l i v e  l o s s .  w h i c h  p r o h l b l v  r e p r e s e n t s  b i o d e g r a d u t i o n  o i

t l r e  d l c .  C c r t l i n l l .  o t h e r  d - r ' c s  a r c  k n o w ' n  t o  b e  b i o d c g r u d a b l e
r t :  h r r t h  r r c r o b i c  u n d  u n l e r o b i c  s v s t c m s  l l l u n t e r .  1 9 1 1 .  E t : e l  u n d
(  t  r o ( l t .  1 9 7 - - l l .  i n c l u d i n g  s t i l h e n c  t r i r z i n e  o p t i c u l  b r i u h t e n c r s
' r r t t r l t r r  l t l  p h o ( i n c  C U .

I l t c r c l t l r c  l i r r  t r l r c i n g  w t r r k  i n  s y s t c m s  u r t h  l a r g c  p o p u -
l . r l t o n r  t r f  r n i c r o o r g ; r n i s n r s  i t  i s  l i k c l y  t h a t  b i o d c g r l d ; t i o n  u  r l l
b c  r t  s i g r r i l i c a n t  c i l u s c  o f  d v e  l o s s  I n  t h e  m a l t ) n t v  o l - s u r f u e e
\ \  r t c r s  i t  w i l l  b c  u n n c c c s s a r y  t o  c o n s i d c r  b i o d e g r a d a t i o n  o I  l h c
l r i t r c r  d v c s  b c c l r u s c  f r ; r c t c r i u l  p o p u l a t i o n s  w i l l  b e  v c r ! '  n r u c h
I t t i r  9 6  t h l r n  t h o s c  u s c d  i n  t h e s e  c x n c r i m e n t s .

A t ) s o R P T t t ' J ;  [ ) r  t ,  L o s s

\ d s r l r p t r o n  o i  d r c  r t n t o  s c d i r n c l r t  s u r f u c c s  r s  m a r n l y  i r r e v e r s -
i r l c  . r n c l  t h c r c f ' o r e  u  h i g h  r c s i s t l r n c c  t o  r d s o r p t i o n  i s  c l f  p l r r l r -

i 1 t ' ) t r r l t  I n l p o r t u n c c  f o r  a  d y e  t r i r e c r .  C o n s c q u c n t l r ' ,  a  l i r r g c
t l r l r t r b c r  o l ' l a t ^ t t i r a t o r v  e x p c r i m e n t s .  n o r r n a l l l  u s r n r :  b u t c h  t c e  f ' , -
r r r r l  I ' u \  b u t  S , , , n e t i r n e s  u s r n g  c l u t t ( ) n  t h r o u g h  i t  c l l u n r n .  f i . r t . c
r - ' e ' , - t t  l - f ' p ( ) r t c { i  i n  l h c  l i t c r i l t u r e  l [ ) r t l t  1 9 0 6 :  f i ' r , e r . \ t ( i n , t r , , l
\ ,  i , ,  r  l  l { ) 6 1  l l  r r g n t  o t r t !  C o l l t r t q r ,  l ( ) 6 J .  l t ' u t t .  l ( l f , 5  5 r ' i l r r / i r l
I  / l , i \  |  u l b o t  : . t r t t l  l i t n r )  1 9 6 8 ,  5 r ' r . r / t  t ' t  u l  1 9 6 ' '  l  l 1 o w c . '  r '
' r ( r ! ; t t i \ c  

0 l  v : r i r i l l t o r l \  l n  t l ' , ' c  c o n c u n l - r i l t i o n ,  c q u t l t i  i J l i ( ) n  t i l i l r :
r ' \  t r ' . r i r r c l l t i - r l  t c c h n r , . i  u c ,  u n c l  l h e  s t : t i r n ) c n t s  t i S C d ,  : i  h a s  p r o ' r c ,  j

I t ' ; '  r i l  l r )  c r ' , : r t r l  i i r c  t ' r : \ t t l t q  r t i  ( \ n ( ' i l t t  r l ' .  1 ( )  l i r , ' \ c  r r I  n t , , r "
r r  r "  I  . l l r t j t c .  i \ : t  I  " . \  \  l l l f  l t l  i r .  i ' i j  ' t  . ' r - ' f  .  T - | t , ,  , ' r i r r - ' f  l . l r , , r )

' , r  1 1  i l l t p l ,  ' ,  , , r g '  , _ ' t  \ C t : t i l t C n t  . , , , ,  ,  ,  l r i t  i , ) ; 1 5  t t t  , ) ! - i  l l

|  . ,  r { , .
' r \ t  \ :  I  , r r r  . l  L  ( , \  \ i t ,  r l  r  |  ' r , -  '

d y e s  o r  s e d i m c n t s  r a t h e r  t h a n  t o  s i m u l l t e  c n v i r o n m c n t a l  c o n -
d i t i o n s  c l o s e l y .

E . rpe r in ten ta l  n re thod .s .  The  ino rgan ic  l dso rben ts  used  in
t h e  t e s t s  w c r c  a l l  g r o u n d  t o  p a s s : r  1 0 0 - ! m  s r c v e  a n d  c o n s i s t c d
t r f  a n  o r t h o q u i l r l . r l t c  s i t n d s t o n e  ( 1 0 0 ' i n  q u i t r t z ) .  a  p u r c  l i r n c -
s t o n c  ( 9 9 ' Z  c a l c i u n r  c : . r r b o n l t c ) .  u n d  t r v e  3 p ' 1 i s h  P h a r r n u c o p e i a
c l u v s .  b c n t ( ) n i t e  u n d  k u o l i n i t e .  o h t a i n c d  f r o m  E v u n s  M c d i c l l
( L i v c r p o o l .  U n i t e d  K i r r g d o n r ) .  T h c  b e n t o n i t c  w u s  i d c n r i l i c d  a s
l u  l o w - s i l i c u  r n c r n h c r  o l  t h c  i \ l  r . l n t m o r i l l o n i t c  s c r i c s  b l .  X  r l l
d i l l r a c t i o n  t c c h n i q u e s .  a n d  t h e  k u o l i n i t c  a s  r  p u r c  k l o l i n i r e
( r \  l rS i rOs(O l l  ) .  ) .  The  o rs tn i c  ad .so rbcn ts  used  were  a  n  : r c id
p e u t  ( h u n r u s ) .  l i n e l y  s h r c d d e d  h e a t h e r  r o o r s  u n d  s t e m s  ( C ' a l -
l una  tu lg ,u r i . r  ) .  and  : r  n ra r ine  p l y  sawdus t .

A  k n o w n  w c i g h t  o f  l d s o r b e n t  a n d  a  d y e  s o l u t i o n  o f  s c l c c t e d
c o n c c n t r i l t i o n  w e r c  s e a l c d  i n  a  f l a s k  u n d  s h a k e n  l o r  2  h o u r s .
. \ d s o r p t i o n  w l s  s u b s t a n r i a l l y  c o m p l e r c  w i t h i n  t h i s  t i m e ,  b u t
s c v c r a l  d a . v s  u e r e  a l l o w c d  f o r  a  t r u e  e q u i l i b r i u n r  t o  b e  e s t a b -
l i s h e d .  T h e  s a m p l c s  ! \ , c r c  c e n r r i l u g c d .  a n d  t h e  e q u i l i b r i u m  d _ v c
c ( ) n s c n t n r t i o n  d c t c r m i n c d .  B l u n k s  o l  t - r o t h  d 1 e  a l o r r c  u l r d  s c d i -
n t c n (  J l o n e  u c r c  l r l s o  p r e p a r c d .  T h e  h l a n k . s  o f  d y c  l r l o n s  u . e r e
u s c d  t o  c o r r c c t  l o r  a r r v  d c c u y  o l ' t h e  d y e  s o l u t i o n  w i t h  t r m c _
u  h i l c  t h o s c  o I  s c d i m e n t  ' r l o n e  p e  r n r i r t e d  s u b t r a c t i o n  o f  t h e
f l u u r c s c e n c e  b a c k g r o u n d  d u c  t o  l e l c h i n g  f r o m  t h e  a d . s o r b e n r
( p ; " r r t i c u l l r l l ,  i m p o r t a n t  w i r h  o r g i l n i c  s u b s r r a t e s ) .  B l u n k s  c o n -
s t i t u t c d  a h o u t  2 5 o n  o f  r l l  s a m p l c s  r u n  i n  t h e  e x p e r i m e n t s .

r \  n u n r b c r  o f  v a r i a b l e s  c o n t r o l  d y e  a d s o r p t i o n  i n  a  b a t c h
s ! ' s tem.  pH,  tempera tu re .  wa te r  qua l i t y .  and  degree  o f  ag i ta -
t i o n  a r c  e n v i r o n m e n t i l l  f a c t o r s  u , h i c h  w e  r e  h e l d  c o n s t a n t  d u r -
i n g  t h e  e x p e r i m e n t s .  T h e  f o u r  v a r i a b l e s  s e d i m e n t  c o n c e n t r a -
t i o n .  d y e  c o n c e n t r a t i o n .  s e d i m e n t  t ! , p e ,  a n d  d y e  t v p e  w e r e
e x p c r i n r e n t a l  v a r i a b l e s .  T h e  e f i e c t s  o I  s c d i m e n t  a n d  d y e  t y p e
r re  d i scussed  be low.  Sco t r  e r  o t .  l l 969 l  h tve  i l l us t ru ted  the
c l l c c t  o i  s s d i m e n t  c o n c c n t r a t i o n  o n  t h e  p e r c e n t a g e  o f  r h o -
dun t inc  \ \ 'T  adsor t - r cd  on  u  f i r t c  f l uv ia l  sed in ten t  f rom the  R io
P u e r c o  ( F i g u r e  l { ) .  T h e  a r i t h m e t i c  s c a l e  s h o w s  t h : i t  a t  h i g h
s c d i m c n t  c o n c e n t r t t i o n s  t h e  s u b s t r a t e  i s  a  c o n s i d c r a b l _ v  l e s s
c f l i c i c n t  a d s o r b e n t  t h a n  i I  r s  r t  l o * , s e d i m e n t  c o n c c n t r a t i o n s .
t h o u g h  t h e  c o n v e r s e  m a ) ,  F r e  i n [ c r r e d  [ r o m  t h e  l o g a r i t h m i c  p l o r
p r e s c n t c d  i n  t h e  o r r r i n . r l  ( r h e i r  F i g u r e  3  ) .

T h c  c f f c c t  r l l  v a r v i n g  t h e  d v e  c o n c e n t r t t i o n  i s  i l l u s t r a t c d  i n
l : i r t r r c  l - 5 .  T h c r e  i . s  a  n t . r r k c d  d c c r e a s e  i n  t h e  p e r c e n t a g c  o f -  d . v - c
I o s s  r r r t h  i n c r c l s i n g  r n r t i a l  d r r  c t l n c c n t r a t i o n .  t h o u g h  t h e  t c -
t u . r l  * ' c r g l r t  o f  d y c  u d r t l r b c d  i r r c r r : a . s e s .  T h i s  i s  i m p o r t r n t  I n
q u l n t i t ; . r t i v e  u p p l r c a t i ( ) n S  b c c a u 5 e  p c r c c n t a g e  d y e  l o s s .  a n d
t h c r c l - o r c  c r r o r  I n  d i s c h u r g c  d c t c r n t r n a t i o n .  w i l l  b e  h i g h c r  l o r
I o w ' c l 1 ' g  c ( ) n c c n t r a t i o n s  t h l r n  l o r  h i g h  d - v e  c o n c c n t r a t i o n s  i n  I
s r v c n  s r t u l t i o n . ' l o l h o t  u n d  l l e n r r  I l 9 6 t i l  c x a m i n e d  t h e  e f f s c t  o I
d _ l e  l n d  s u s p e l r d c d  s c d t n t c n I  c ( ) n c € n t r t r t i o n  o n  a d s o r p t l ( ) n
I r ) s \ c s  T h c v  p r e s c n t c d  c o r r c c r r ( ) r )  c u r v c s  l i r r  r h c l d a m i n c  B  d v , c
b l r s c d  o n  t h c i r  e \ p c n n ) c n t : l l  r u ' u l t s  l - r r r t  \ A . e r c  o n l t ' a b l c  t o
l r . h i c t ' c  l r  n r o d c r u t c  t i t  v i l l f )  t c s t  t l l t a .  l n  p r a c t i c e .  a t t c m p t s  t o
e ( ) r r c e t  d v c  c t r n c c n t r i t l t ( ) n \  I r r r . r J s t l r p ( t o n  i o S S e s  a r c  l i ; r b l c  l c r
e 0 n S r d c r l t h l C  c r r t r r .  i t  r ' l  ( l  i l  r p c C r l , e  e ( ) r r c c ( t r ) 1 1  C U f v e  w t t r : i d  b c
r t c c d c d  i o r  c l t e  h  l i c l d  t r r . r l  ' .  l c . r r , . .  t t  l s  n r ( ) r c  d c s i r a b l c  t o  . , c l c r , t

l i  r l l c  w i l h  a  h i C h  a d s r i r [ \ i t ( ) n  r i \ t s t a { t L c  t h a n  t O  r e l l  C l n  s u , h

l r i r c c d t r r c r

! ' l l r ' c t  t l  t g J i t r t e t t i  I r  | ' ,  : i t t  : r t , ,

, i r l r l r n t r O n  d J t J  l ( ) f  l t r r , , r l r l r c  i - i

i i . i . i r  i n ( ) f g i l n r C  l r r t J  l h f C t  i , ; ! ! : t r .

l i r I r . . r I  b l r c l < g r o L , n d  f l t i , \ r r - \ L ' c '  { - /

' L r ' , ,  
! , t r t t L  n l i t l c r ; t l r  ; i '  i , f I

,  , , ' : ,  . t r t l , j  l t ' l l r c  r l ' , . :  " ,  
- ,  t l

,  - '  !  
I  , r l  f 1  1 1 , 1 1 1 1 1  ' , -  

: r , '  i

t ) r l l t t t ) n  F i g u r e  l 6  p r , - s c n t s

( ) f t  s c v c n  d r l l - c r c n t  s c d r r r r c n  r .

[ i t ; r  t h c  I n 0 r g a n i c  m a t ' : i ' ] i l  1 . ,

u  a s  r c l l r t i v ' . j l l '  s m a l l .  h r , t  l , i r
' : u u n l r : t l i t ) n 5  t t  r v i l s  \ l r n : i l t i
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Fig.  14.  Ef fect  of  scdiment concentrat ion on dyc adsorpr ion for  rhodamine wT. Data
F igu rc  21 .

r@

are from Scott et a/.  {1969.

dye f luorcscence fa l ls  be low the background f luoresccnce.  the
accuracy of  the resu l ts  is  dominated by the var iab i l i ty  o f  the
background.  Th is  was commonly  t l }Vo:  therefore for  la rge
adsorpt ive dye losscs the er ror  may approach t  l \ovo,  rhough
i t  was much less in  the major i ty  o f  the expcr iments .  For  the
or : ' lnge f luorescent  dyes thc er ror  was cons iderab ly  less than i t
was for  the b lue and green dyes because the brank f luorescence
was  l ower  (10  g  l - t  o f  humus  gave  an  appa ren t  concen t ra t i on
o f  1 . 2  p g  l - '  o f  r h o d a m i n e  W T ,  7 0  p g  l - '  o [  l i s s a m i n e  F F ,  a n d
80  rg  l - '  o f  am ino  G  ac id ) .  These  l im i t a t i ons  on  cxpe r imen ta l
accuracy shoufd be cons idered when the adsorpt ion data are
be ing  exam ined .

l n  Tab le  8 .  adso rp t i on  l osses  f o r  a l l  e i gh r  dyes  res ted , re
p resen ted -  A t  t he  bo t t om o [  each  sed imen t  t ype  co lumn  r
mcun  rank  i s  g i ven ;  t h i s  i s  de r i ved  by  rank tng  t he  sed imenrs  f o r
cuch  dye  a t  t he  two  d i f f e ren t  concen t r t t i ons  i n  o rdc r  o f  l d -

sorpt ivc  c f f ic iency and averag ing for  the to tar  number  o f  cases.
The orgunic  sed imenrs adsorb far  more dyc than rhe inorganic
(see a lso F igurc  r6) .  Th is  is  expected because of  the exr remery
large sur face area of  organic  mater iar  and the rarge number  o f
broken bonds prescnt  on these sur faces.  Th is  f ind ing has been.
widely reported for rhe adsorption of organic p.r i i . id", on
so i ls ;  for  example,  adsorpt ion o f  the ac id  fesr ic ide p ichroram
corre la tes h ighry  wi th  so i r  organic  mat ter  content  bur  not
s i gn i f i can t l y  w i rh  pe rccn lage  o f  c l ay  IG rooe r . l 97 l ) .  The  unde_
cayed  o rgan i c  ma te r i u l  o f  t he  hea the r  r oo t s  and  sawdus t  has  an
adsorpt ive e l l ic iency very  s imi rar  to  that  o I  the decornposed
humus  ma te r i a l  [ c f .  pou l i .  l 96 l J .

Thc  . r t hoqu i l r t z i t e  adso rbs  marked ry  ress  dye  t han  t he  o the r
three mlrer ia ls ,  which are not  s ign i f icant ry  d i f rerenr  l rom each
o the r  desp i r c  t he  l a rge r  t o ta r su r face  a rea  o f  t he  c l avs .  The  f i ne
San  F ranc i sco  Bay  sed imen t  o l  f eue rs te i n  and  Se l t eck  { t 96 l J
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l : rg .  16.  E lTect  o f  sed imcnt  type on dye adsorpt ion for  l i ssaminc FF.
In i t iu l  dyc concent ra t ions werc 20O,rg l ' ' .

con ta in i ng  ' abundances  o f  i l l i t e ,  mon tmor i l l on i t c .  and  kao l i n -
i te  muter ia ls '  adsorbed a lmost  cxact ly  the samc amount  o f
rhodamine  B  a t  a  sed imen t  concen t ra t i on  o f  200  mg  l - t as  d i d
rhe  kao l i n i t e  i n  t h i s  s tudy .  Thc ' f i l t c r  sand '  o f  l l a t t  [ 19651  was
very  s imi lar  to  the or thoquar tz i tc  used in  these cxpcr iments .
Frut the Rio Puerco sediment of . lcott et al.  l l969J fcl l  between
these two.  l t  may be conc luded that  adsorpt ion losses under
f i e l d  cond i t i ons  w i l l  be  much  more  o f  a  p rob lem i n  env i ron -
nrcnts  conta in ing abundant  organic  mat ter ,  such as so i l  or
sewage ponds,  than i t  w i l l  be in  even thc most  turb id  inorganic
f l uv i a l  svs tem.
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0  5  l O  1 5  2 0  2 5
Humus Concent ra t ,on  {g  |  -  'Dnv  We,ght }

I l l - r r l  o i  h u m u s  b a c k g r o u n d  f ] u l r c s c c n c e  o n  a l p J r c r r t c r ) n
I c f r f  r i r l r r t r ,  O l '  n y r J n t n c  i n  a c l s t t r p l r o n  c x n c r r r r l e n l \

Resistance to adsorption of the tracer dyes. Figure l8 shows
adsorpt ion o f  the t racer  dycs on a range of  kao l in i tc  scd ime nt
conccnt ra t ions us ing a constant  in i t ia l  dyc concent ra t ion o f
100 pB l - r .  Rhodamine B is  conspicuous ly  the least  res is tant  to
adsorpt ion owing to  i ts  cat ion ic  nature.  I t  is  c lear  f rom the
rep l icate  va lues p lo t ted that  even wi th  inorganic  subst ra tes
there is  sorne expcr imenta l  var iance.  Sulpho rhodamine B
exhib i ts  the h ighest  losses of  the un ion ic  dyes,  tw ice as large as
those for  rhodamine WT.  thc  next  most  res is tant .  L issamine
FF and f luoresce in  exh ib i t  very  s imi lar  va lues,  whi lc  amino G
acid .  phot ine CU.  and pyrun ine show very  smal l  losses.  which
would bc negl ig ib le  under  f ie ld  condi t ions.  Compar ison of  the
adsorpt ion losses in  Tablc  E wi th  those in  F igures l8  and l9
shows that  d i f ferent  adsorpt ion runs do not  g ive thc  same
absolu te  resu l ts ,  a l though the rank ing o[  the dyes remains
essent ia l ly  unchanged.

Humus was a lso used to  s tudy the re la t ive rcs is tance of  the
t racer  dyes (F igure l9) .  Again  rhodamine B showed poor
res is tance.  Phot ine CU.  f luoresce in .  and rhodamine WT were
cons iderab ly  more res is lant .  but  much less so than amino G
ac id .  py ran ine .  l i s sam ine  FF ,  and  su lpho  rhodamine  B .  Be -
cause  o [  t he  h igh  humus  concen t ra t i on  used ,  t he  pH  o f  t he
so lu t ion was as low as 4  for  severa l  o f  the runs.  Adsorpt ion o f
the an ion ic  dyes is  re tarded by repuls ion l rom the negat ive ly
charged sur [ace of  the organic  mat ter .  There[ore greater  ad-
sorpt ion would be expccted at  low pH va lues when the dye
molecules become protonated. Thus the increascd dye losses at
the h igh humus concent ra t ions may be augmented by th is
effect. which has been widely reported for organic pcsticides

lFrissel and Bolt, 1962: Boardmon and Worrall. 1966: Grouer,
re7 |  l .

Thc lour dyes most resistant  to adsorpt ion on organic mat-

te r  a l l  have  su lphon ic  ac id  func t iona l  g roups :  th ree  fo r  py :a -

n ine ,  two  each  fo r  su lpho  rhodaminc  B  and  amino  G ac id .  and

one  fo r  l i ssamine  FF .  Th is  s t rong  ac id  g roup  does  no t  p ro -

Lona te  un t i l  re la t i ve l y  l ow  pH va lues ,  and  the  dyes  the rc fo re

ma in ta in  thc i r  res i s tance  to  adsorp t ion .  Pho t ine  CU a lso  has

s u l p h o n i c  a c i d  g r o u p s ,  b u t  b e c a u s e  o f  i t s  p l a n a r  m o l e c u l e ,
wh ich  has  a  h igh  a f f i n i t y  i o r  ce l l u lose  su r laces ,  i t  exh ib i t s  poor

res i s tance  to  adsorp t ion  on  humus  compared  to  i t s  good  res i s -

t a n c e  t o  a d s o r p t i o n  o n  i n o r g a n i c s .  B o t h  r h o d a m i n c  W T  a n d
f luo resce in  have  ca rboxy l  ac id  g roups ,  wh ich  a re  l i ab le  to

p r o i o n a t i o n  a t  a  h i g h e r  p H  t h a n  t h e  s u l p h o n i c  a c i d  g r o u p s .

the i r  l ower  res i s tance  to  adsorp t ion  thus  be ing  exp la ined .  Cor -
e y _ [ 1 9 6 8 1  h a s  p r e v i o u s l y  s u g g e s t e d  t h a t  m o r e  t h a n  o n e  s u l -

p h o n i c  a c i d  g r o u p  w a s  a  u s c f u l  i n d i c a t o r  o I  a  r e s i s t a n t  d y e .

T h c  d a t a  s u p p o r t  t h i s  c o n c l u s i o n .  t h o u g h  t h e  g o o d  p e r f o r -

m a n c e  o I  l i s s a m i n c  F F  w i t h  o n l y  o n e  s u c h  a c i d  g r o u p  s h o w s

t h a t  t h i s  s h o u l d  n o t  b e  t h e  o n l y  c r i t e r i o n  e m p l o y c d  i n  d y e

s c l e c t  i o  n .

R h o d a m i n e  B  i s  c l e a r l y  o f  l i t t l e  u s e  a s  a  q u a n t r t a t i v e  t r a c e r

b e c a u s e  o f  i t s  v c r y  p o o r  r e s i s t a n c c  t o  a d s o r p t i o n .  P y r a n i n e  a n d

a m i n o  G  a c i d  a r e  r e s i s t a n t  t o  a d s o r p t i o n  o n  b o t h  o r g a n i c  a n d

i n o r g a n i c  m a t e r i a l s .  w h i l e  l i s s a m i n e  F F  a n d  s u l p h o  r h o d a m i n e

B  s h o w  a  r e l a t i v e l v  h i g h e r  r e s i s t a n c e  t o  a d s o r p t i o n  o n  o r g a n i c

m a t c r i a l .  R h o d a m r n e  W T  a n d  f l u o r e s c e i n  h a v e  a  m o d e r a t e

p e r f o r m a n c e  o n  b o t h  t y p e s  o f  s u b s t r a t e ,  b u t  p h o t i n e  C l J ,
w h i c h  i s  r e s i s t a n t  t o  a d s o r p t i o n  o n  i n o r g a n i c  s e d  r m e n t s .  s h o * s

a  m r r r k e d  a f f i n i t y  f o r  o r g a n i c  m a t e r i a l s
.4t l .sorpt ion losses ontct  equipmenL l 'o tsukuru et  a l .  l l970l

h l v c  r e p o r t e d  a d s o r p t i o n  o f  r h o d a m r n e  i l  d y c  o n t o  g l a s s

s a i n p i c  b o t t l c s  d u r r n g  a  d i s p c r s i o n  s t u d y ,  t h o u g h  t h c  p r o b l e m

* r r s  ' r o I  e n c o u n t L ' r e d  w h e n  r h r r d a m r n e  \ A ' I  * a s  u s e d  R h o -

i ; 1  : : r , ' r €  [ J  i s  c a t i o n r c  i l n ( ]  i s  t h c r e i o r e  a l l r a c t c d  b v  t h e  n € F , t t l \ s
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TABLE 8 .  Compar i son  o f  T racc r

Le t t - r t . , rw :  Dv r  TRer  rns

Dyc  Adsorp t ion  on  M ine ra l  and  Organ ic  Ma tc r ia l s

Sed imcn t
Conclntrat ion.

g  l - '

lv l  incrul Organ ic

Dyc K  a o l i n  i t e B e n t o n i t c  L i m c s t o n e  O r t h o o u a r t z i t c .Suwdust H  u m u s H c u l h e r

Ant rno  C  ac id

Ph t l t i ne  CU

F luo rcscc in

L issa rn inc  FF

Pvrun  i  nc

Rhr rdumine  B

Rhur lunr inc \ l 'T

S u l p h u  r h o d u m i n c  B

Avcrugc  runk ing  o f
besl  udsorhcnts

2 .0
20.0

2.0
20.0

2 .0
20.0

2.0
20.0

2 .0
20.0

2.0
20.0

1 . 0
t0.0

2.0
20.0

99
97

9 l
90

9 8
9 l

97
96

9 5
9 5

I
4

8 9
67

88
5 l

_s.2

80
]E

9E
87

96
92

t0n
9lt

I{
U

9 l
79

5 . 1

9 5
96

9 l
.10

9tt
9.1

96
EE

96
E 5

E
l

9_'l
66

9 7
7 6

5 . 4

: :

5t{
IJJ

9t{
9E

99
95

t00
E 7

l 0
x

9E
90

6 .2

66
l 7

u1

t{6
t l

E ]
70

70
_10

r 2
{

E I

?2

2 . 7

7 5
l9

60
l 4

E ]
l 1

90
6E

76
. t l

1

J

l

t{ l
l l

9 l
6 l

l . l I E

5 1
l l

.il

0

EE
54

11
I t {

l
I

l ( |

l l {

F i g u r c s  u r c  p c r c c n t i r g c  o f  d y c  r e m u i n i n g  i n  s o l u t i o n  l ' r o n t  a  l ( n  ! g  |  '  i n i t i u l  d y c  c o n c c n t r u t i o n .

cha rgcs  p resen t  on  mos t  so l i d  su r i aces .  The  o thc r  dyes  s tud ied

here are an ion ic  and are repel led by such sur faccs.  hence

l tJsorpt ion losses are cons iderub ly  less.  No s ign i f icant  lOsses oI

any of  the an ion ic  dyes tested wcre observed on sof t  or  hard

g lass  (Py rex )  con lu i ne rs  f o r  pe r i ods  o f  up  t o  l 0  wecks -  Fu r -

thermorc.  no losses were [ound [or  rhodamine WT ; . rnd l issa-

m ine  FF  s to red  i n  po l y thcne  bo t t l es  o r  i n  con tac t  u ' r t h  r uhbc r

b u n g s  o r ' P a r a f i l m ' l l b o r a t o r v  s e u l i n g  f i l m  o v c r  t h c  s r t m c

ne r i od .

5  r o  1 5  l 1

( . r r , , , l r  (  1 , , , ( , ' r r , , , 1 , O , .  1 Q  l - r l

A , ' r . n ,  ( -  ' i L  L l  
t  k f  r " i , '  ' r '  ! "

9 ' r , U o  F t , , 1 ,  , ,  '  . ,

When b lue f luorescent  dyes are used,  carc  should  be taken
tha t  t he  samp les  do  no t  come  i n to  con tac t  w i t h  co t t on  woo l ,
pape r .  t ex t i l es .  o r  o the r  ma te r i a l s  t r ea ted  w i t h  b l ue  f l uo resccn t
op t i ca l  b r i gh tene rs .  I t  i s  pa r t i cu la r l y  impo r tan t  t ha t  non -
f luorescent  laboratory  detergents  be used bccause most  domes-
t i c  p roduc t s  con ru in  0 .1 -0 .6% by  we igh t  o f  b r i gh ten ing  com-
p o u n d s .  O n e  p u r t i c u l l r  s o u r c e  o f  c o n t a m i n a t i o n  w a s  f o u n d  t o

L t._ i , f

a

o

a

o

o

t ] , : . r t . t . ' ,  *  r  .  I  . . . ' .  ,  '

r i l  i ) ' , r r l , r 1 f f \ i r r ' l l

i r .  ,  , 1 . . {  , , , ' l \ , 1  l f

O  f i ' ,  :  , ,  .  ' i  
-

(  ( r l t i  l r . l

\ t ' r l l l n C r r l

---.r__

i -  r t i r \  , ! , ' f f '  , r  
! 1 , . .

i , g  l ' J
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TABLE 9 .  Tox ic i t y  o f  Rhodaminc  B  and  F luo rescc in  to  F i sh  a r  l 2 "C

29

Dye Spccics

LC.o .  mg  l - r

6  Hours i 24  Hours 4E Hours  96  Hours

Rhodamine  B

Fluorcscein

ra inbow t rou t
channe l  ca t f i sh
b lueg i l l
r a inbow t rou t
channe lca t f i sh
b lucg i l l

|  1 7 6
64 l0

7J6
962
754

4 1 9 8
l82E
5000

306
647
700

1420
2t26
489E

2t7
526
379

r372
2267
J4l l

'Estimated from othcr data.
Data are from Marking [19691.

be transparent polythene tubing, which contained very large
quanti t ies of brightener. rcadi ly leached by dye solurions pass-
ing along i t .  l t  is relat ively simple to check such gross sources
of  contaminat ion by us ing sample b lanks or  a  hand-he ld  u l -
t rav io le t  lamp.  ln  genera l ,  contaminat ion a t  the green and
orange wavelengths is  min imal .

Toxrcr rv

Two aspects  o f  dye tox ic i ty  are impor tant :  f i rs t ,  poss ib le
dele ter ious e f fec ts  on aquat ic  and mar ine l i fe  and second,  the
l imi ta t ions which should  be cons idercd where human con-
sumption of the labcled watcr is a possibi l i ty. pri tchard and
Carpenter [  960] rcported on thc toxicity of rhodamine B to an
unnamed species of f ish which survived without i l l  effects for 2
n ionths in  a  100 mg l - t  so lu t ion.  Eandr  [19571 showed that
f luoresce in  a t  100 mg l - rwas not  tox ic  to  t rout  and roach.
while sowards i l9581 obscrved that visible concenrrat ions of
this dye did not affect thc toxicity of Pronoxfish, a f ish tox-
icant, to longnosc dace (Rhinichthys catoractael. Marking
[969] determined LC,o's, the concentrat ion in solut ion which
causes 50% mortal i ty in the test species after a specif ied ex-
posure period, for rhodamine B and f luorcsccin by using rain-
bow trout (Solmo gairdneriil, channel catfish (lctalurus punc-
tatusl, and bluegill (Lepomis machrochirus) for 24, 48, and 96
hours  a t  l2oC (Tablc  9) .  Rhodarn inc B was cons iderab ly  more
toxic than f luorcscein, and thc LC.o decreased with exposure.
The dycs had l i t t le  e f fcc t  on rhe rox ic i ry  o f  ant imyc in  A,
rhodamineS s l ight ly  increas ing i t  and f luoresce in  s l ight ly  de-
creas ing i t .  Smol t  o f  both  s i lver  sa lmon and Donaldson t rout
exper ienccd ne i ther  mor ta l i t ies  nor  resp i ra tory  prob lems in
concen t ra t i ons  o f  r hodamine  WT o f  l 0  mg  l - ,  f o r  17 .5  hou rs
a t  22 "C  o r  an  add i t i ona l  J .5  hou rs  a r  175  mg  l - ' [ pa rke r ,
l 97 l l .  No  abno rma l i t i c s  i n  body  l eng th  o r  we igh t  we re  ob -
served for goldf ish (Carassius ouratus) maintained in several
s t i lbene t r iaz ine opt ica l  br ighteners  a t  concenrra t ions o f  l0
and 20 mg l - t  IAkomatsu ond Matsuo,  l97 jJ .  N incry-s ix-hour
LCro's detcrmincd lor a number of brighteners by Keplinger er
al.  [ l97{l  and Sturm and H/i l l iarnr [1975f ranged lrom J2 to
474 mg l - '  fo r  b tucg i l l  (Lepomts machroch i rus) ,  f rom 108 to
1780 mg l - ' fo r  ra inbow t rout  ( . td lmo go i rdner i i  ) .  and f rom 86
to  l 06O mg  l - t f o r  channc l  ca r f i sh  ( l c t a l u rus  punc ta tus )  ( c f .
Tab l c  91 .  l kama tsuand  Ma tsu rs  [ 197 ] l r epo r r  [ -C .o ' s  as  h igh  as
2  g  l - t .  t h o u g h  e x p e n m e n r a l  d c t a i l s  a r e  n o t  g i v e n .  A l t h o u g h
body  l evc l s  o f  op t i ca l  b r i gh tene  r  above  t he  conccn t ra t i on  p res -
cn t  i n  t he  wa te r  have  been  obse rved  i n  l ong - t c rm  aqua r i um
.s tud res  w i rh  go ld f i sh  and  b lucg r l l s ,  t hese  co rccn r ra r i ons  rap -
rd lv  fe l l  once thc f ish  were p laced in  f reshwater  IJensen and
Pet tersson,  l97 l ' ,  Ganz et  a l . ,  l9  / -51

Psnc ie ro  [ 1967 ]  has  shown  I  i r a r  2 -day -o l t r  { ) } , . s (e r  l a r vae
( ( ' r r t . t . s r r r ! r e t t  o i r , { t r r i ' a } r l i c d  w r i i r  , '  I  C a v i  t t  l i X i  m {  I  ' C o r r c e r r -

t ra t ions o f  rhodamine B,  showed temporary  re tardat ion o f
growth a t  l0  mg l - r ,  and suf fered no i l l  c f fec ts  a t  I  mg l - r .
S imi lar ly '  a t  the h igh concent rar ion,  no eggs developed ro  the
larva l  s taget  whi le  27Vo had some abnormal i ty  a t  l0  mg l - , .
and none werc a f fec ted at  I  mg l - t .  Parker  [1973J showed thar
for  rhodamine WT,  development .cont inued normal ly  in  pa-
cif ic oyster (Crassostreo gigasl eggs and tarvae up to concen-
t ra t ions o f  l0  mg l - '  lo r  48 hours  a t  24"C.  The f lesh of  quahog
clams (Mercenaria mercenaria) was rapidly stained by rho-
damine B at  dye conccnt ra t ions in  excess of  0 .09 mg l - r ,  but
thc dye was rapidly cleared once the clams were placed in dye-free
water .  At  concent ra t ions above E.4 mg l - t  the c lams showed
avoidance react ions and contact  s ta in ing.  l l /oe lke [19721 has
observed that sea urchin eggs (species hemicentrotw) werc af-
fec ted by rhodamine B ar  32 mg l - 'but  not  ar  l0mg l - r ,  whi le
embryos of the bay mussel (species myti lus' l  were affected at
concentrat ions l0 t imes lower than this. Toxicity experiments
conducted at l0"C with a number of fresh and brackish water
invertebrates including water f lea (Daphnia magna), shrimp
(Gammants zaddachil, log louse (Asellw aguaticusl, may fly
(Cloeon dipterum), and pea mussel (species pisidium) at a
maximum concent ra t ion o f  rhodamine WT of  2000 mg l - r
showed no mortal i ty of any species over pcriods of 4E hours
and I  week compared to  the cont ro l  an imals  (J .  S.  Wor t r ley
and  T .  C .  A t k i nson .  pe rsona l  commun ica t i on ,  l 97 j ) .

From thc data presented,  i t  is  apparent  that  rhodamine B is
more tox ic  to  aquat ic  organisms than both rhodamine WT and
f luorescc in ,  probably  because i t  is  read i ly  adsorbed on l iv ing
t issues owing to  i ts  cat ion ic  narure lL i t t le  and Lamb,  19731.
Never the lcss.  concent ra t ions suf f ic icnt ly  h igh to  be a prob lem
arc so t rans ient  under  normal  f ic ld  appl icat ions,  because of
rap id  d i lu t ion fo l lowing in jec t ion,  rhat  the dye wi l l  not  cause
any i l l  c f fec ts  to  aquat ic  l i fc .  However ,  in  v iew of  the greater
tox ic i ty  o f  rhodamine B comparcd wi th  an ion ic  dyes,  i t  is
rccommended that  rhodamine B not  be used as a  water  t racer .  '

No spcc i f ic  in format ion has becn obta ined on any of  the o ther
an ion ic  dyes,  but  i t  is  probable  that  they have tox ic i t ies  s imi lar
to  those repor ted for  f luorescc in  and rhodamine WT.  Opt ica l
br ighteners  o f  the s i lbene t r iaz inc type have LCro va lues in  the
same  range  as  t hosc  i o r  t he  o rhe r  dyes ,  and  i t  i s  t hus  l i ke l y  t ha t
p h o t i n e  C U  h a s  a  s i m i l a r l y  l o w  r o x i c i r y .

The  t ox i c i t y  o f  compounds  t o  man  i s  no rma l l y  i nves t i ga ted
on  l abo ra to ry  an ima l s :  sa f c  dosage  l eve l s  a re  t hen  sca led  up ,
and  an  add i t i ona l  sa fe t y  f ac to r  i s  i nco rpo ra ted .  Rhodamine  B
has  been  rnves t i ga ted  bv  a  number  o I  wo rke rs  and  i s  gene ra l t _v
recogn i zed  t o  be  by  f a r  t he  mos t  t ox r c  o [  t he  xan thene  dyes
because i t  is  read i ly  adsorbed on body t issue fVebb et  a ! . .
19621 ,  I l / ebb  and  Honsen  I l g6 l Js tud ied  rhe  mc tabo l i sm  o f  t h i s
d y c  a n d .  a s  i s  t r u e  [ o r  f ] u o r c s c e i n .  f o u n d  t h a t  t h e  b a s i c  f l u o r a n
s ( r r J , - t u r c  w u s  n ( ) [  b r o x . c r r  d o w n  i n  t h c  l - t t i t l v ,  t h r t u g h  t h e  r r r t . _
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tabo l i tes  were s ign i l icant ly  les .s  tox ic  than the or ig ina l  dye

lWebb  e r  a l . , l 96 l l .  Umeda  [19561  repo r ted  t ha t  sa rcomu  was

causcd  i n  son le  r i j t s  f o l l ow ing  subcu taneous  i n j ec t i ons  o I

rhodumine  B  bu t  t ha t  t h i s  was  much  l ess  l r equen t  l o r  r n -

j cc t i ons  o f  l l uo rcscc in .  A t  d i e ta r y  l evc l s  be low  0 .2%,  ne i t he r

dyc cuused tumors in  lecd ing s tud ies.  Hansen et  a l .  [19581
no tcd  100% mor tu l i t y  w i t h i n  42  days  a f t e r  f eed ing  rhodamine

B ut  a  27n d ic t i r ry  leve l .  The dye re tardcd growth and caused

l ivcr  dumugc:  f  iver  enf l rgement  was a lso ev ident  u [ tc r  90 days

in  ru t s  l ed  a t  a  l 7n  l cvc l .  D .  Dona ldson  (unpub l i shed  da ta .

197  |  )  s t ud i cd  t he  e f f ec t s  o I  r hodamine  B .  su lpho  rhodumine  B '

a n d  r h o d u m i n e  W T  i n  o r a l  f e e d i n g  s t u d i e s  a t  l 0  p B  l - r i n

d r i n k i n g  w a t e r  i n  t h c  r a t .  H c  r e p o r t e d  t h u t  a l l  t e s t  a n i m a l s

showcd loss o I  body weight  con l i rared to  i - r  cont ro l  group and

tha t  r hodaminc  B  and  su lpho  rhodamine  B  caused  the  S rea tes t
l iver  en largcment .  Subcut tneou.s  in jec t ions o [  50 1rg o f  su lpho

rhodaminc I  cauScd in f lammatory  sores u t  the in jec t ion s i tes

und  a  marked  l oss  i n  body  we igh t ,  whe reas  rhodumine  WT

1nd rhodamine B appeared to  cause no t raumat ic  i l l  c l lec t .s

even  a f t c r  56  duys  o I  t h i s  t r ea tmen t .
Akonntsu and l l la tsuo [1973]  have rcv iewed a lurge numbcr

o f  s tud i cs  on  t he  t ox i c i t y  o Iop t i ca l  b r i gh tene rs  and  conc lude

tha t  t hey  do  no t  P resen t  any  t ox i c  haza rd  t o  man  even  a t

cxcess ivc  dosage leve ls .  The LDro,  the dose per  un i t  body

weight  which cruscs 50% mor ta l i ty  in  the tcs t  spec ics .  for  ora l

leed ing s tud ies in  micc and ra ts  averaged 7 g  kg- '  o [  body

we igh t  f o r  s t i l bene  t r i uz i ne  b r i gh tene rs ,  w  h i l e  con t i nuous  f ccd -

i ng  s tud ies  i nd i ca te  t ha t  a  60 -kg  man  cou ld  i ngcs t  l - 29 /d to t  a

cons iderub le  per iod wi thout  i lny  i l l  e l lec ts .  H ickson and

We lch .  L td .  ( pe rsona l  commun ica t i on ,  1975 )  havc  con f i rmed

that  the br ightener  used in  phot ine CU has been subjected to

acu te  and  l ong - t c rm  l eed ing  s tud ies .  wh i ch  have  i nd i ca t cd  a

sat is factory  tox ic i ty  leve l .

Rhodamine  WT.  f l uo resce in ,  und  pho t i ne  CU havc  re l a -

t i v c l y  l ow  tox i c i t y  l evc l s .  wh i l c  t hose  o f  r hod ln r i ne  B  and

su lpho  rhod : r rn i ne  B  appca r  t o  bc  s l i gh t l y  h i ghc r .  No  d i r t a  u r c

r va i l ub le  i o r  t he  o thc r  dycs  s tud red .  bu t  t he  manu lac tu rc r s

h l r v e  i n d i c l t c d  t h a t  l i s s l m i n c  F F  r s  u n l i k c l v  t o  c a u . \ c : ' r n v

unusuu l  t ox i c  h l z l t r ds .  F lu t l r esce in  und  p1 ' r l r n i nc  h l t ve  hccn

c c r t i l i c d  f o r  u s e  i n  c x t c r n a l l y  a p p l i c d  d r u g s .  l i p s t i c k s .  l r r d

uosn l c t i c s  i n  t hc  Un i t cd  S ta t cs  by  t he  Food  a r rd  D rug  Adn t t r t t s -

t r a t i o n .  w h i l e  n o  a p p l i c a t i o n s  h a v c  b c e n  m l t d c  f ' r r r  i h c  r e m l t i n -

rng  dycs  cxccp t  f o r  r hoduminc  B .  wh i ch  r v ; r s  dccc r t r l i ed  i n  t hc

cu r l y  1960 ' s .  Rhodan r i ne  B  and  f i uo rcscc in  h i l ve  bec r r  p l r ccd  i n

r o x i c o l o g i c l l  c l r s s i l i c u t i o n  C l l l  b y  t h e  F o o d  a n d  A g r r c t t l t u r e
( ) r g a n r z u t i o n / W o r l d  t l c a l t h  O r g a n i z r t i o n .  T h e  u s c  o I  r h o -

d u n r i n e  B  r n  r  r r t c r  w h i c h  m u y  p u s s  i n t o  s u p p l y  i s  g e n c r i r l l ; -

l v g i d e d  i n  t h e  U n i t e d  S t u t c s .  P c r m i t t c d  c o n t i n u o u s  i n g c s t i 6 n

l c v c l s  f o r  r h 6 d a m r n e  B ,  s u l p h o  r h o d a r t t i n e  B .  a n d  r h o d l r n t i t l c

W T  h a v e  b c c n  s e t  l t  0 . 7 5  m g / d .  * ' h i c h  i s  u n l i k c l y  t o  b e

c r c c c c J c d  r l ' c o n c c n t r t r t i o n s  a t  t h c  i n t . r k c  r c n l u i n  b c ^ l u r r  
. l 7 0  

l 8
I  ' .  T h e  t J . S .  C i e o l t t g r c u l  S u r v c y  r c c o m n t c n d s  t h J t  t r i l u c r  l c s t s

. r i r n  f o r  u  l j r l t l  c o n c u n t r i r t l o n  n r r t  c r c c c d i n g  l ( )  p u  I  ' l t  r l d

p r c l ' c r l h l v  b c l t r *  t h i s  l c u e l  t j n t i l  t r l o r c  i n [ o r n t a t l ( ) r l  l \ . l v i t t l l r h l e

0 n  t h c  t ( ) x l e t t y  ( ) f  I r ; r e c r  d y c s .  l t  l \  r c c ( ) m r n c n d c d  I h l t t  t h c : c

i c v e l s  [ - r c  l d i r c r c d  t t l ; r r t d  t h l t  l t ' c l t l  \ \ i - l t c r  u n t l c r t u k r r l u :  l t n t J

r i v c r  u U t h t t r r t r c s  b c  r n l ' o r m C d  p r i p r  t t ,  l h c  r u n t t r r i {  t r l  J n v  t r i l c c r

l c \ t .  ( T h i s  r s  t r t  i ; t c t  r c , l u i r c t l  b v ' l l t w  r n  C r c a t  f l r i t l r i n  ) f l t r w ' '

c v c r .  b c c u u s c  ( ' i  t h c  r , . :  i . r t t v c l v  s h t l r t  t l u r l r L i t r n  r r l  n r t t s l  I t i . r e c r

l c \ t S .  I , n c  \ ' c r r  r l t g h  d c t c c t ; r h i l i t r c s  l r v l i l a h l c  t u r i h  f l l l t r r c s e c r l t

r . l  r c s ,  . t r r d  t h c  i , , w  [ ( , \ t ! i l i c s  i , f  t i r c  t j r c s  t h e m s r : l v c \ .  r ] r )  [ r r - u h -

i c r i r s  s h t l L l l d  i ' c  f j n c t ) ' , l r ' r r j r c t l  w r t h  . t n  t  t r l  t h e  i . l r c r
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r opheno l s  i n  wa te r  con ta in i ng  dye  mo lecu les .  Ch lo ropheno l s
impa r t  a  b i t t e r  me ta l l i c  t as te  t o  wa te r  even  o t  ve ry  l ow  concen -

t ra t i ons  and  a re  t hus  ex t reme ly  undes i rab le .  W i l . son  [ 19681
rcpo r t s  t he  r csuJ t s  o f  a  t as te  t es t  i n  wh i ch  n ine  t as te r s  samp lcd
w a t e r  c o n t a i n i n g  0 . 7 5  m g  l - '  o f  r e s i d u a l  c h l o r i n e  a n d  t h r e e

d i f l e ren t  concen t ra t i ons  o f  r hodamine  8 .  A  l l  n i ne  we re  ab le  t o

de tcc t  t he  as t r i ngen t  t as te  a t  50  rg  l - ' ,  on l y  f ou r  a t  l 0  pg  l - ' .

a n d  n o n c  a t  5  g g  l - r .
Tas te  t es t s  we re  ca r r i ed  ou t  w i t h  t he  an ion i c  dycs  by  us ing

[ou r  un t ru i ned  t as te r s  and  dye  samp les  p repa red  i n  She l l i e l d
tap  wa te r .  t hc  res idua l  ch lo r i ne  concen t ra l i on  o f  wh i ch  was

low .  No  ch lo ropheno l  o r  o the r  t as te  was  de tec ted  f o r  any  o f

t h e  d y e s  a t  c o n c e n t r a t i o n s  o f  l 0  a n d  l 0 0 l B  l - ' .  S a m p l e s  w i t h

concen t ra t i ons  as  h igh  as  10 .000  gg  l - 'we re  f ound  to  cause

l i t t le  s ign i f icant  tas te .  though these were not  presented to  the
who le  t as t i ng  pane l .  A t  concen t ra t i ons  o f  100  1 rg  l - '  t h i  dyes

l re  readi ly  v is ib le .  and i t  is  there[ore probable  that  w i t ter  co lor
w i l f  be  a  more  impo r tan t  cons t ra i n t  on  dye  concen t ra t i on  t han

ta.s te .  Howevcr .  i f  h igher  ch lor ine res idual  conccnt ro t ions are
present .  the threshuld  leve l  for  tas te  may be lower .  Because the

b lue  f l uo rescen t  dyes  udso rb  i n  t he  u l t r av io l e t  wavc  bund .  t hcy

J re  co lo r l css  i n  so lu t i on  un t i l  t hey  reach  ve ry  h i gh  concen t ru -

t i ons  (0 .1 -1 .0  g  l - ' ) .  when  they  a re  de tec tab le  by  a  b l ue  f l uo -

rescent  sheen.  ln  s i tuat ions where the aesthet ics  o f  a  water

body arc  to  be cons idered.  th is  may prove an ext remely  uscfu l
proper ty .

F t t t - u  Ex t , t n t r t t x t s

Many  au tho rs  have  repo r ted  on  t he  re l a t i ve  mer i t s  o f  d i l l c r -

en t  dyes  unde r  f i c l d  cond i t i ons .  Wa t t  [ 1965 f  showed  tha t

rhodamine B gave losses of  25Vo aver i rged over  24 tests  in
moun tu in  wu le rsheds  i n  Co lo rado .  l n  one  s t ream the  ave rage
fosses were as h igh as 539o for  rhooumine B and 32Vo for
su lpho  rhodamine  B ,  t hough  no  check  was  made  on  t he  accu -

rucy o f  the guging s t ructures used in  these tests .  K i lpat r ick  e t

a / .  [967f  rcpor ted losscs o f  499"  for  rhodamine B,25Vo lor

s r r l pho  rhodumine  B ,  and  7Vo  l o r  r hoduminc  WT l ' o r  gug ing

tes t s  m lde : r t  t he  same  l oc : r t i on  unde r  d i t l c ren t  d i scha rgc  con -

d i t i ons .  An  avs l l ge  l oss  o i  5 .47o  l i r r  su lpho  rh t rdam ine  t s  ( s i x

t c s t s )  r n d  l . l 7 n  f o r  r h o d u m i n c  W T  ( 2 4  t c s t s ) \ ' i t s  r c p o r t c d  b y

K i l po r r i t k  c t  u l .  l l 967 l .  K t l pa t r i c k  [ 19701  r r l so  p r cscn t cd  t he

rcsu l t s  o { ' l  l u rgc  numbc r  o I  dye  g i r g i ngs  conduc tcd  by  t he  U .S .

Ceo log i c l l  Su rvev  and  conc luded  thu t  l ess  rhodamtnc  \ ! ' T  i s

necdcd  f o r  a  g i ven  i n j ec t i on  t h r rn  rhod r tm ine  B .  dcsp i t e  t he

Brc i l t c r  mrn imum dc tec tab i l i t y  o f  r hodumrne  t s .  l ' t t t . suku ro  e l

u l .  [ 19701  h rve  r r l so  en tph : r s i zed  t he  c l ca r  r dvan t i j ges  t h : r t

r h o d a m i n e  W T  h l t s ; . t s  a  t r r t c c r  o v c r  r h o d a m t n c  t |  t n  L i m e  o l '

t r l ve l  a  nd  d i spe rs i on  mc i l r ; u r cmcn ts .
Fewer  t es t s  huvc  becn  conduc ted  w r th  g r ccn  f l uo resccn t  dves

b c c a u s c  t h e y  u p g  * i d c l y  r e c o g n i z e d . ; r s  b e i n g  i n [ c r r o r  t o  t h e
( ) r i r ngc  d t cs  f r l r  usc  rn  su r f l t c c  v r l r t c r s  l f - eue r t t t i r r  und  S t l l v t k .
l 9 6 l l .  B o t s t h e  c t  a l  [  1 9 6 6 1  p r c s c n t  r c s u l l s  w h r c h  s h o w  t h r t

f ' l  L ro r cs r ' u i n  l nd  su lpho  rh t t dan t i nc  l l  c xh ih r I  c ( )n )pa r l r b l c  l t i r s cs
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kntrwn exi lct ly. Similarly. Abood et ol.  I l969l r.eport sevcral

clscs whcre dye rccovcrics huve been greater than l0O%,
pr t lbah ly  owing to  var iu t ion in  the background f luorcscence.

Snart and Smith [976] have reccntly tested a numbcr of dyes

in  u  sur face r iver  in  Jamaica.  They conc luded that  l issamine

F F wus the most  res is tant  to  xdsorpt ion.  though rhodumine

WT und f luorcsce in  a lso gave h igh recover ies .  Pyran ine und

rhc  op t i cu l  b r i gh tene rs  pho t i ne  CU and  pho t i nc  CSP expe r i -

crrccd largc losses in both surface wil ter und groundwater tests.

rcc0vcry  va lues be ing under  50%.
Tcs t s  conduc ted  du r i ng  t h i s  wo rk  have  shown  tha t  r ho -

dunrinc WT is gcneral ly the most satisfactory dyc tracrr. whi le

ovr ln ine and phot ine CU have proved to  havc severe l imi ta-

l ions.  A compar ison of  these three dyes in  a  sur face s t reum

contuining a largc growth of wecd gove recovcries of lA0%,

9-57o.  und J09o for  rhodamine WT,  pyran ine.  and phot ine CU,

respect ive ly ,  a f ler  a  mean res idencc t ime of  3 .5  hours  and98%,

88%. and l l9o a t  a  second s i te  a l ter  another  7 .4  hours .  The
pyran inc resu l ts  were curefu l ly  cor rcc ted for  pH var ia t ion.  and
i t  is  c lear  that  moderate recovery  f igures can bc obtu incd.
Bct ter  recovery  f igures are obta ined for  phot inc  CU in  under-
ground tests  becuuse photodecomposi t ion losses arc  e l imi -
na t cd .  I n  a  g roundwa te r  t r ace  i n  a  ka rs t  a rea  i n  C rca t  B r i t a i n .
l issamine FF and rhodamine WT gave d i rcc t ly  compurable
conccnt ru t ions a f ter  cor rect ion for  the d i l le rent  amounts  in-
jected. Exact recoveries were nol computed.

ln  most  compar ison tests  i t  is  usual  to  use quant i t ics  o f
tr i lcer which producc compurable percentage increases ovcr
background rcad ings.  Table  10,  however ,  presents  data de-
r ived lrom a test in which l0-mg solut ions of dye were injected
sequen t i a l l y  i n to  a  sma l l  pca t y  s t r eam w i t h  a  l owpH (5 .0 ) .  l t  i s
c lear  that  the accuracy for  the detcrminat ion o f  the orange dye
concent ra t ions is  much greater  thun that  for  the green and b lue
dyes bccause of  the low background combined wi th  h igh in-
s t rumenta l  sens i t iv i ty .  as  was d iscusscd prev ious ly .  Su lpho
rhodamine B.  rhodamine WT,  f luoresce in ,  and l issamine FF
have comparablc  recovery  f igurcs,  whi le  rhodamine B and
amino C ac id  wcre bet ter  than phot ine CU and pyran inc (not
pH corrected) .  ln  pract ice.  percen(agc losses would be much
lower  lor  the b lue and green dycs because larger  in i t ia l  in -
j ec t i ons  wou ld  be  used ,  r a i s i ng  t he  f i na l  concen t ra t i ons  and
decreas ing the percentage loss.

Rr-cor rnr rxDATroNs ron Dye Tnrce n Appt . tcnr roxs

Thc presence of  a  s ign i f icant  f luorescence background at
both green and b luc wavelcngths is  probably  thc  most  impor-
tant  fac tor  a f fec t ing sc lect ion o f  a  ( racer  dye.  For  a  s ins le

T\  BLE 10 .  Compar i son  o f  T race r  Dyes  in  r  Pc l t y  S t rcun t

in jec t ion therc  is  thus a  def in i te  preference lor  the use of  an
orange dye,  though c lear ly  both b luc and green dyes wi l l  be
necessary  for  mul t ip le  in jec t ions.  Rhodaminc WT and rho-
duminc B ure J  t imcs as f luorescent  as su lpho rhodumine B and
wi l l  therefore labe l  a  lurger  vo lume oI  water  per  un i t  weight
(Tab le  l l ) .  S im i l a r l y .  py ran ine  i s  more  l l uo rescen t  t han  l i s sa -
minc FF and f luoresce in ,  which are in  turn  more f luorescent
t han  t he  b lue  dycs .

A l though temperuture cor rect ions are eas i ly  appl ied.  for
cont inuous moni tor ing i t  may be necessary  to  obta in  a  s imul -
t lneous record o f  tenrperature var ia t ions.  Whi le  the green and
bluc dyes have low temperature sens i t iv i t ies ,  those for  thc
or i lnge dycs are fa i r ly  h igh.  Consequent ly .  i t  i s  normal ly  neces-
sary to stundardizc tcmperatures. for instance in a water bath.
or  to  mcasure sample temperuture on analys is .  Ol ' the o ther
wi l tc r  qua l i ty  par lmeters  examined,  sa l in i ty  does not  appei l r  to
have a signi{ icant effcct on dye f luorescence, though there is
somc ev idence that  long- term exposure o I  rhodamine WT may
lcad to  some losscs.  L i t t le  in format ion on the re la t ive behav ior
oI  thcsc dyes in  cont i lc t  w i th  ch lor ine is  ava i lab le  ,  though i t  is
known to  a f fec t  dye f luorescence.  For  work  a t  h igh ch lor ine
lcvc ls .  spec i f ic  invest igut ion o f  dye per formance is  recom-
n rendcd .  The  an ion i c  dyes  a re  s tab le  unde r  a l ka l i  cond i t i ons
but  show u reduct ion o I  l luorescence at  low pH.  Sulpho rho-
damine B and l issanr ine FF are most  s tab le  under  these condi -
t i r . lns .  whi le  f luoresce in  and phot ine CU would exh ib i t  la rge
losscs.  Bccause pyrun ine shows excess ive var ia t ion o f  f luorcs-
ccncc wi th  pH in  the range normal ly  encountered in  naturu l
waters ,  i t  cannot  be recommended as a  quant i ta t ive dye t racer
un less pH is  carefu l ly  moni tored.

Pyran ine,  f fuoresce in ,  and phot ine CU have ext remely  h igh
photochemica l  decay ra tes.  a  reduct ion o f  f fuoresccncs under
bo th  na tu ra l  and  l r t i f i c i a l  i l l um inu t i on  t hus  be ing  caused .
Amino G ac id  has a moderate decay ra te  and when i t  is
cxposed cont inuous ly  to  br ight  sun l ight  would  therefore ex-
h ib i t  s ign i l icunt  losses.  For  the three orange dyes and l issamine
FF.  photochemica l  decay would on ly  be impor tant  in  tes ts
las t ing severa l  days.  B iodegradat ion wi l l  not  be a prob lem
unde r  mos t  na tu ra l  cond i t i ons .  t hough  fo r  wo rk  i n  b i o l og i ca l l y
host i le  cnv i ronnrents  i t  is  probably  a  s ign i f icant  cause of  dye
losses,  which should  be cons idered in  dye se lcc t ion.  Rho-
dumine B su l lers  f rom enormous losses due to  adsorpt ion on
many sur faccs and is  not  recommended because of  th is  prob-
l em.  l t  i s  a l so  s i gn i f i can t l y  more  t ox i c  t han  o the r  dyes .  and  i t s
usc should  therefore be avo ided.  Pyran ine and amino G ac id
are both very  res is tant  to  adsorpt ion on both minera l  and
organic  sur faces.  whi le  f luoresce in  and rhodaminc WT exhib i r
mode ra t c  res i s tance .  A l t hough  su lpho  rhodamine  B  i s  no t
readi ly  adsorbed by humus.  i t  suf fers  s ign i f icant  losses on
m ine ra l  su r l aces .  t hc  conve rse  o f  t he  adso rp t i on  cha rac te r i s t i c s
o f  p h o t i n e  C U .
.  Thc  vo lume  o I  wa te r  l abe led  pe r  un i t  cos t  i s  g i ven  f o r  t he

t r i l ce r  dves  i n  Tab le  l l  on  t he  bas i s  o l  t he  m in imum de rec r -
a b i l i t i e s  i n  T a b l e  I  a n d  p r i c e s  q u o t e d  f o r  l 0  k g  o f ' r r r c e r
d e l i v e r e d  i n  t h c  U n i t e d  K i n g d o m .  A l t h o u g h  r h o d a m i n e  B
appea rs  t o  be  t he  mos (  economica l  t r ace r .  because  o f  i t s  ve ry
l a rge  adso rp t i on  l osses  t h i s  f i gu re  w i l l  e f f ec t r vc l y  be  much
reduccd  i n  p rac t i cc .  Fu r thc rmore .  I hcse  l osses  p rec lude  i t s  use
f o r  q u ; . r n t i t a t r v c  l p D l i c a t i t t n s .  R h o d a m i n e  W T .  t h e  s c c o n d
m o s t  c o \ t  e f f c c t r v e  d t e  i n  t h c  t a b l e ,  h a s  n o  s e r i o u s  d r s a d v a n -
tages .  a l t hc rugh  r t  was  no t  t he  mos t  conse rva t . i ve  t r ace r  o f  t hose
c x a m r n c d  I n  c n v r r o n m e n t s  w  r t h  m u c h  o r g a n i c  m a t t e r ,  s u l p h o
rhod i r rn i r r e  B  n r rqh l  be  cons ide red  because  o f  i t s  sood  l dso rp -
t r r ) n  r c \ i ' t u n c c .  t h u u g h  i t  r :  m t t r e  e r n c n s i v e  t h l r r  r h r i r J u r n i n c
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TABLE l l .  Cost  Ef fccr ivencss of  the Traccr Dyes

Dyc Sta te

Vo lume
Cost pcr  Labelcd pcr

K i l og rum, r  K  i l og rum.
$  l f f m r k B ' l

Vo lume
Lubclcd
pcr .t.

l 0  m t  l l - ' Supplier

Amino  G ac id

Phot inc CU

Fluoresccin

L issaminc  FF

Pyruninc

Rhoduminc  B

Rhodaminc WT

powder

20% solut ion

powder

powdcr

powdcr

powder

20% sof  ut ion

3.50

t .00

4.00

r3 .50

rJ .00

5.00

6.50

8.50

2.E

1 .5

1.5

r2 .0

rm.0

7't.0

16 .0

5 .7

5 .6

E.lr

2.6

9 .7

200.0

24.0

r9 .0

L .  B .  Ho l l i duy  L td . .
Huddcrsl is ld.  U.  K

Hickson & Wclch Lrd. .
Cast lc ford.  U.  K.

Br i co  L rd . .  London .
U .  K .

L .  B .  Ho l l i day  L rd . .
Huddcrs l i c ld .  U .  K .

B l y c r  U .  K .  L r d . .
R i c h m o n d .  U .  K .

Br ico Ltd. .  London.
U .  K .

[)u Ponr U. K. Lrd..
A l t r i n g h u m ,  U .  K .

Br i co  L td . .  London .
U .  K .

Sulpho rhoduminc B powdcr

'For l0-kg lots dcl ivcred. Octobcr 1975.
tBased on min imum dctectabr l i t i cs  in  T lb le  J .

WT. Lissarninr FF, which is extrcmcly stable and resistant to
adsorption losses, is unfortunately the least cost effcct ivc of the
dyes considercd, being over 9 t imes more expensive to use than
rhodamine WT.  However ,  because of  i ts  super ior  proper t ies  i t
is  recommended as the best  quant i ta t ive t raccr  o I  the three
green dyes testcd. I  n nonquali tat ivc work, especial ly ior
groundwater  t rac ing,  where photochemica l  decay is  not  a
prob lem,  the cconomy of  us ing f luoresce in .  which is  onfy  2 .6
t imes more expens ive than rhodamine WT,  may be cons idered
where more than one dye is  to  be in jecred s imuhaneously .  Of
the two blue dyes, whose cost effect ivenesses are very similar,
amino C ac id  has super ior  photochemica l  and adsorpr ion
character is t ics  and is  there lore the most  usefu l .
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